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The change of the conduction-electron density of states due to electron-impurity scattering
has been investigated in a previous paper for one impurity; that calculation is extended now to

the case of an impurity layer.

A strong momentum dependence of the electron-impurity scat-
tering is assumed, but no restrictions are placed on its energy dependence.

Particular atten-

tion is paid to the spatial structure of the conduction-electron density of states around the im-
purity layer, which can be characterized by the same coherence length £, introduced in the case
of one impurity. The amplitude of this change shows a smoother dependence on distance measured
from the impurity layer than in the case of one impurity, because of some coherent enhancement

due to the scattering of different impurities.
mental observations.

Therefore, this improves the chances for experi-
Theoretical aspects of adequate tunneling experiments on junctions doped

by impurities are presented in detail with special emphasis on the determination of the coherence

length £4.
interest.

The perturbations caused by magnetic-impurity scattering is at present of primary
Some particular features concerning Kondo scattering and possible connections with
giant zero-bias tunneling anomalies are discussed as well.

In the case of resonant scattering,

the most striking feature is that the conduction-electron—impurity scattering amplitude may be
strongly enhanced in the unitarity limit due to the cooperative reduction in the conduction-elec-
tron density of states inside the impurity layer at the Fermi energy.

I. INTRODUCTION

In a previous paper! (hereafter referred to as I)
we showed that resonant electron-impurity scatter-
ing may cause crude changes in the local conduc-
tion-electron density of states (EDS) around the im-
purities. By experimental observation of this
change, one could obtain detailed information on the
energy and momentum dependence of the non-spin-
flip scattering amplitude. This information is par-
ticularly interesting for the case of Kondo scatter-
ing. In the present paper we discuss in detail the
tunneling experiments on junctions doped with mag-
netic impurities. These experiments could be a
very adequate and powerful method for investigating
the EDS anomalies. Although there are several
sets of experimental data on tunneling which can be
interpreted on the basis discussed in the present
paper, the experimental situationis not clear enough
to make a detailed comparison between a particular
theory and experiments. Therefore our purpose is
now to discuss the subject only from the theoretical
point of view, without considering the available ex-
perimental data of interest in detail.

In PaperI we have shownthat if the conduction-elec-
tron-impurity scattering amplitude is separable in
momenta and energy variables, the spatial structure
of the change in the EDS is independent of the energy
dependence of the scattering amplitude. Thus, it
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is determined by the momentum dependence only.

In this way, measuring the EDS as a function of en-
ergy at a fixed distance from the single impurity or
impurity layer, we get information on the energy
dependence of the scattering amplitude, which in
one particular case includes the Kondo effect. On
the other hand, investigating the EDS at a fixed
value of the energy but at different distances mea-
sured from the single impurity or impurity layer,
we may get some insight into the momentum depen-
dence of the scattering amplitude. One may realize
that these kinds of measurements could be made in
dilute alloys with homogeneously distributed impuri-
ties only with considerable difficulty. Namely, in
measuring quantities sensitive only to some energy-
averaged property of the impurity scattering, e.g.,
macroscopic behavior of dilute alloys, nuclear-mag-
netic-resonance (NMR) studies on host or impurity
nuclei, etc., we lose all direct information on the
energy dependence of scattering, and the spatial-
structure studies of the impurity scattering state
are made more tedious as well. Considering the
layerlike distribution of the impurities, we may
measure the EDS by building up a metal-metal-
oxide—-metal junction near the impurity layer. The
discussed experimental setup is illustrated in Fig.
1. The impurities have to be displaced in a layer-
like distribution parallel to the junction surface at

a distance D within one of the electrodes of the
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FIG. 1. Schematic diagram of
the tunnel junctions containing an
impurity layer.
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tunnel junction. Provided that the bulk EDS of the
other electrode is constant, the dynamical conduc-
tance of this arrangement at a given voltage V is,
roughly speaking, proportional to the EDS of the
impure electrode at its barrier surface and at the
energy eV, where e is the electronic charge.
measuring the anomalies of the conductance-versus-
voltage characteristics for different values of D,
and using some suitable normalization to the non-
anomalous background part of the conductance pro-
portional to the bulk EDS, we can directly obtain
the EDS. In the detailed calculation we point out
that the spatial dependence of the EDS anomaly
around the impurity layer is similar to that around
a single impurity given by (I3. 28), except for the
lack of the 7™ term, where the distance » is mea-
sured from the impurity or impurity layer, respec-
tively. This has the important consequence that the
change in the EDS falls off less rapidly for the im-
purity layer, which may make the investigation of
the spatial structure considerably easier.

Furthermore, if Kondo-type impurity scattering
with a resonance at the Fermi energy is considered
for a tunnel junction of the structure shown in Fig.
1, we may expect the following behavior: If the
impurities are not farther apart from the junction
surface than a critical distance £,, which we call
the coherence length, the dynamical-conductance-
versus-voltage characteristics of the junction have
to show up anomalies around zero bias. The coher-
ence length £, has been introduced in Paper I
assuming that the momentum region contributing to
the conduction-electron—-impurity scattering ampli-
tude can be found around the Fermi momentum with
a width characterized by the energy A and that it is
given as £,=V /A, where Vj stands for the Fermi
velocity. The form of the voltage dependence of the
anomaly would give detailed information on the en-
ergy dependence of the scattering amplitude, while
the value of £, is connected with its momentum de-
pendence. As discussed in detail in I, this momen-
tum dependence of the scattering amplitude is con-
nected with the # and %’ dependence of the exchange
coupling J,,., and thus &, is related to the size of
the spin-polarization cloud in the Kondo state,

As far as the conductance-vs-voltage char-

acteristics are concerned, such types of tunneling

Thus,
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anomalies were observed afew years ago, and rather
extensive experimental and theoretical efforts have
been devoted to understand these so-called “zero-
bias anomalies.” In spite of considerable progress
for the time being, there are plenty of problems
left in this field. Therefore, at present, we do not
consider it worthwhile to discuss in detail these
studies in looking for experimental confirmation of
the foregoing considerations. For this, further ex-
periments with better-controllable conditions are
needed. At this time we shall only very briefly re-
view this experimental field for the sake of com-
pleteness. In the course of this review we are not
going to account for details of the particular studies;
the general tendencies only are to be sketched.
From the theoretical point of view we are going to
give a more detailed summary, however.

Essentially two kinds of anomalies centered
around zero bias have been discovered up to now in
the dynamical- conductance-vs-voltage charac-
teristics of several metal-oxide—metal tunnel junc-
tions. The first one discovered by Wyatt? in 1964
consists of a conductance maximum at zero bias
not greater than about 10% and typically a few mV
wide (hereafter referred to as “conductance peak”).
The second one, first observed by Rowell and Shen®
in 1966, reveals a broad minimum of the conduc-
tance at zero voltage having a width typically of the
order of 100 mV; the reduction of the conductance
at zero bias compared to that at a few hundred mV
is almost 100%; i.e., the conductance at zero volt-
age can be by orders of magnitude smaller than
that at voltages above 100 mV (hereafter referred
to as “giant resistance peak”).

The possibility that the conductance peak is due
to magnetic impurities and is based on Kondo scat-
tering has been suggested by Anderson, * Appel-
baum, ® Kim, ® and Subl.” These explanations con-
cerning, at least, the magnetic origin of the anom-
alies, have been confirmed particularly by the mag-
netic field dependence of the conductance peak, first
observed by Shen and Rowell.®

The situation concerning the giant resistance peak
is much more confused. Sélyom and Zawadowski® !
offered an explanation based on the reduction of the
EDS around magnetic impurities near the junction
surface. The first experiments with junctions doped
by magnetic impurities were carried out by Wyatt
and Lythall, ** and Mezei, ** who found giant zero-
bias anomalies. The magnetic origin of this type
of anomaly is especially supported by the experi-
mental fact first observed by Mezei, * that both
types of zero-bias anomalies can be produced by
doping the barrier region with the same dopant,
only changing its amount. This situation has been
found to apply to a wide variety of tunnel junctions
made from different materials and containing dif-
ferent dopants.!* Finally, we mention a recentwork
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of Mezei'® which was an attempt to realize the ex-
perimental arrangement just described in connection
with Fig, 1. His results can be well interpreted
along the lines discussed in the present paper; i.e.,
the suppression of the local EDS around an impurity
layer displaced at a distance from the barrier sur-
face not greater than a coherence length of a few
tens of A is supposed to be responsible for the ob-
served giant resistance peak. However, there is

a basic experimental difficulty present in all of
these works: the insufficient knowledge of the struc-
ture of the barrier region. In some cases the im-
purities had their origin in some unknown contam-
ination. The doping procedures used up to now in-
troduce the “impurities” entirely uncontrollably, in
the sense that one cannot know whether single atoms
or oxide molecules, metallic particles, oxidized
layers, etc., are produced.

Another explanation of the giant zero-bias anoma-
lies was proposed by Giaever and Zeller, '® consid-
ering crude macroscopic changes in the structure
of the junction region rather than impurities of
atomic size. At the present time none of these ex-
planations (magnetic impurities and structure of the
barrier region) can be regarded as either valid or
inapplicable to all of the experimental cases.

The theory of the effect of magnetic impurities
on tunneling characteristics has been worked out
following two different directions. According to the
tirst direction, *~7 the magnetic impurities in the
barrier provide an easy way for the electron tunnel-
ing through the barrier. This tunneling due to the
magnetic impurities has been considered a “new
tunneling channel” which has been described by add-
ing a phenomenological term to the conventional tun-
neling Hamiltonian. This new term represents a
tunneling through the barrier associated with an ex-
change interaction process. A microscopic founda-
tion of this idea has been suggested by Anderson, 4
and the consequences of the new tunneling channel
have been derived by Appelbaum. *'"'!® The extra
term of the current due totunneling assisted by mag-
netic impurities shows logarithmic voltage depen-
dence in the third order of the perturbation theory,
which is a particular case of the Kondo effect. In
the case of antiferromagnetic interaction, that the
current is always increased supports the idea of a
“new channel.” In this way the conductance peak,
but not the giant resistivity anomaly, could be ex-
plained.

The other theoretical works have aimed at under-
standing the tunneling process when different inter-
actions are taking place inside the barrier or near
the barrier, without introducing any further phenom-
enological parameters. Thus, Zawadowski'® derived
an expression for the current, supposing that the
electron interaction with impurities shows a local
character (electron self-energy contains a Dirac
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6 function, considering the two space variables);

in this, Sélyom and Zawadowski! found that the am-
plitude of the tunneling current is determined by the
local EDS inside the barrier. According to the lat-
ter results, the local EDS should be calculated ne-
glecting the tunneling, and then the current should
be derived from the EDS.2° Recently these results
have been confirmed by Appelbaum and Brinkman?
and Davis.? Appelbaum and Brinkman? gave a
very simple elegant derivation of the results derived
previously, 1*° while Davis paid particular attention
to the self-energy effects caused by phonons inside
the barrier. 22

Thus, in order to calculate the current, consid-
ering the effect of paramagnetic impurities, one
needs to determine the EDS around the impurities.
Here two cases should be distinguished, where the
impurities are (i) inside the barrier or (ii) in one
of the metal electrodes. The first case has been
considered by Sélyom and Zawadowski®?! and re-
cently by Appelbaum and Brinkman® in two different
limits. Sblyom and Zawadowski®!! supposed that
the exchange interaction coupling constant®® shows
a strong dependence on the momenta of incoming
and outgoing electrons; i.e., the most essential
contribution arises from the region of Fermi mo-
mentum. This momentum dependence has been
taken into account by introducing an energy- cutoff
parameter which has been assumed to be small
compared to the Fermi energy.?® In other words,
it was assumed that the conduction-electron wave
functions for a fixed momentum component parallel
to the barrier surface are approximately the same
inside the barrier. In this case, we get a depres-
sion in the EDS due to the magnetic impurities, and
the result is an enhancement in the resistivity, just
the opposite of what the “new channel” theory® pre-
dicted.

However, in a recent work, Appelbaum and
Brinkman?* pointed out that the existence of a de-
pression or an enhancement of tunneling current
depends on introducing the cutoff parameter. They
showed that not introducing any cutoff for the inter-
action depresses the current if the impurity is found
in the first atomic layer of the barrier, but, on the
other hand, enhances the current if the impurities
are more deeply inside the barrier. These results
can be derived from the previous ones®!! by calcu-
lating some of the integrals without cutoff param-
eters.

The situation is very different in the other case,
when the impurities are inside the bulk electrode
but near the barrier surface. As we have shown in
I, the EDS may be depressed around one impurity;
it will be shown in the present paper that this de-
pression can be enhanced, considering an impurity
layer. The impurity layer should be found not fur-
ther than the coherence length to get a large effect
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which always results in a resistivity maximum. As
a special case, without introducing a cutoff energy
A (corresponding to the limit, coherence length
approaching the atomic distance), we get an oscil-
lating result as a function of the distance of the
impurity layer measured from the barrier, in
agreement with Appelbaum and Brinkman’s recent
results, %

Concerning the giant zero-bias anomalies, the
amplitude of the depression of the EDS is of particu-
lar importance. In the case of any kind of resonant
scattering, the maximum value of the cross section
is the so-called unitarity limit, which is indepen-
dent of the density of the final states, in the present
case, of the conduction EDS. On the other hand, the
cross section is proportional to the scattering am-
plitude and the final density of states; thus the scat-
tering amplitude is inversely proportionalto the con-
duction EDS in the unitarity limit. However, inside
an impurity layer the EDS at the Fermi energy may
be strongly depressed by the impurities; thus the
upper limit for the single-electron scattering ampli-
tude is determined by the essentially reduced con-
duction EDS. In this way the scattering amplitude
should be enhanced in a layer of high-impurity con-
centration. This cooperative increase in the uni-
tarity limit was first suggested by Zawadowski and
S6lyom?’ and will be discussed in detail throughout
the present paper.

The aim of the present paper is the extension of
the results of I for an impurity layer inside a metal,
making use of the momentum-dependent exchange
interaction corresponding to the energy-cutoff pa-
rameter discussed above. This case is closely re-
lated to the tunneling experiments. In Secs. II-IV
we shall calculate the change of the EDS and its
spatial dependence in the case of an arbitrary elec-
tron-impurity scattering amplitude for a layerlike
distribution of impurity atoms. In Sec. V, the re-
sults are applied to tunnel junctions containing an
impurity layer, as shown in Fig. 1. Furthermore,
in Sec. VI we discuss the particular features asso-
ciated with Kondo scattering, with special emphasis
on some aspects of the impurity-impurity interac-
tion within the impurity layer. Finally, in Sec. VII
we give a brief summary of our conclusions.

II. FORMULATION OF PROBLEM

In order to determine the EDS around a paramag-
netic impurity layer, we calculate the thermody-
namical one-particle Green’s functions. Supposing
that the average over the impurity site is carried
out, all of the physical quantities show translational
invariance in those directions which are parallel to
the plane of the impurity layer. Introducing the
parallel and perpendicular components of the vec-
tors with respect to the plane of the impurity layer,
e.g., v, and 7, for 7, the one-particle Green’s
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function can be written as a function of the new
variables as

O, v’ iw)= O, v, vy =7 iw,) | (2.1)

The definition of the Fourier transform with respect
to the parallel variable is

®@, 7'y iw,)= (2m)2 [ dk,exp ik, -7])]

X O, (ry, 1 iw,) . (2.2)
The partial EDS in a distance ¥ measured from the
impurity layer for a definite value of the parallel
wave vector %, can be obtained by making use of the
spectral theorem as

Pr, ¥, @)= (1/7) Im [y, (¢, 45 w - 8)] (2.3)

It will be assumed that the kinetic energy of the
conduction electrons can be written as
k? L

E;ﬂ_ = €+ €= 57— +

2m  2m °’ (2.4)

€,=
where €, and €, denote the parallel and perpendicu-
lar contributions to the kinetic energy. Similar to
(2. 2), the Fourier transform of the free-electron
Green’s functions is

SOy~ rlyiw,)= (1/2n) [ dkyexplik,or,~ 7))]

x OOk iw,) , (2.5)
where
GO s 1w,) = (iw, =~ £)
and the notation £,=€,- u is introduced. In the

neighborhood of the resonance energy €,, the kinetic
energy can be given as

ky ’ ~ ko (k)] +€o(ky)

€k=€ll+vk"[ (2.6)

wherev, is the velocity corresponding to the energy

€olky) =k, (k,)/2m = €y k3/2m

in the one-dimensional problem for a fixed %,.
Furthermore, the unperturbed EDS is

phy (@)= (/M) Im G (0, 0= 6)=2(1/,)  (2.7)

for w~e€,- |4, where the factor of 2 arises from the
two regions in the momentum space centered at
tko (k). In the following we assume that the bulk
EDS is independent of the energy in both momentum
regions.

One can take into account the effect of the im-
purity layer by a T matrix which is related to the
Green’s functions via the Dyson equation

Ok, k3 i0,)= 6O (ke i0,) 5 (e - ')

+ 65(0) (k: iwn)Tkk’(iwn) @(0) (k,a iwn)y (2 8)
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which is similar to (I3.3). The T matrix is defined
for a given distribution of the impurities. The
average over the impurity sites will be performed
in Sec. III.

III. 7T MATRIX AND AVERAGE OVER IMPURITY
DISTRIBUTION

In I we dealt only with one impurity located at
R=0, and the conduction-electron—impurity scat-
tering has been represented by the non-spin-flip
scattering amplitude #,,.(w). This scattering am-
plitude for the j th impurity located at the point R'?’
can be given as

thGw,)=e” 1 EFORD L Gw,) | (3.1)

The T matrix defined in (2. 8) corresponding to an
impurity layer is a result of subsequent scatterings
on different impurities. One can write it as a series

J
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of the scattering amplitudes:
Ty (Gw,) = Z t (w, )+(2 7 fdsk"jZ)l' £ (iw,)

x @O® ;iw) i, Gw)+00,  (3.2)
where the prime over the symbol of summation de-
notes that two subsequent scatterings must corre-
spond to different impurities.

Assuming that the impurity distribution is trans-
lational invariant in the plane representing the im-
purity layer, one can take the density of the impuri-
ties as a function of the distance x measured from
this plane and it will be denoted by c¢(x). In this
way, instead of (3.2), one gets the averaged T
matrix:

(Tkk'(iw,,)>u=de(“ C(R”))t;i)'(iw,,)-FZ)’ dR(J)c(R(j))de(l)C(R(t))
it

da 123

where the integrals with respect to RY? can be performed, and considering (3.1), one obtains

[1/(277)2] (T (W) Yay = by (Fw,,) O (R, —

(2n )3 tkk"(lw )(M(O)(k“,' iwn)ti‘,’,k,(iw”) s (3.3)
k) ek, =kl)+(1/2m) [ dk " by (G0, 00k, — ket (b, 1)
X G O®"; iw,) by ((w,) 0 —Ri)c(kl =R 4+,  (3.4)
[
Furthermore, inthatcase, wherek,~ 0, one has

where

cey)= [ dxe™¥c(x) . (3.5)

The momentum dependence of the scattering ampli-
tude has been given by (I3. 4) for I-type scatteringas
b Gw,) = (21 + 1)F (R)F(k ') Py (c08 0y, ) 1, (iw,) , (3.6)
where F(k) describes the momentum dependence of
the scattering amplitudes, and it is assumed that
F(k) exhibits a peak at momentum %, corresponding
to energy €,.

.However, this momentum dependence can be taken
into account in a simple way, if we are interested
only in that case, where &,~ 0, which is the important
one for calculating the tunneling current. For
Fu, k1~ 0, the angle 6,,. between % and 2’ is roughly
zero or 7, because k and &’ are near the energy
surface €, due to the occurrence of the cutoff func-
tions F(k) given by (12.4). Therefore, P;(cosf,,.)
=1 for even angular momentum . In this way we
get, instead of (3.6),

by ((0,)% (21 + DFR)F( ') (i w,) (3.7)

By, ki~ ko where k%/2m =€, and only two values of
the Fourier transform occur in (3.4), namely,

c(k=0)=c, (3.8)

which is the surface concentration of the impurities,
and

clk~x2k) , (3.9)

where the latter one is very sensitive to the impur-
ity distribution. Especially, when the impurities
can be found in the mathematical surface given by
equation x=0, i.e., c(x)=08(x), one gets

c(x2kg)=c , (3.9%)

while for an experimentally available smooth dis-
tribution, one has

c(x2k0)~ 0, |c(:t 2k0)| <c , (3.9")

if the thickness of the impurity layer, d, satisfies
the inequality dk,> 1. This condition is roughly
fulfilled if the impurity distribution spreads over
more than one or two atomic layers.
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These two cases, hereafter referred to as (a)
and (b), will be treated separately. The intermedi-
ate situations might be understood considering these
two limits. In case (a) the transversal momentum
k, may conserve or change its sign due to the scat-
tering, while in case (b) the sign cannot be altered
by scattering, as can be easily seen from (3. 4),
(3.8), (3.9'), and (3.9").

It is useful to introduce the modified Green’s
functions

. (" 1 .
mi o) =g [ b P e =k R )

(3.10a)

Rz (iw,) ——f dk, F? k) %R,k"(z‘wn),

(3.10b)

where

©
() c i )= dky ik x g (+)
@k"cutorf(x) ’wn) "f o et ®k”cuto£f
=00

(%(-) (x. J )_ wi’ﬂ._ ikJ." (=)
ricutos\ X3 LWy ) = 27 € Grycutors
0

and, furthermore,

. = .z (= . 7
@k“cutou(x, iwy) = @;:gutotf(xr W) + @k,,c):utoif(x’ iwy).

Considering (3.12),

@(a)(k’ k';iwy,) = @( 0)(}3; iw,)6(k-k") +®k" )(k.l. ; lw”)(z'ﬂ) Tzk”(lwn)é(ku"ku)F(k) (% )@( 0)(
and, finally, applying the Fourier transformation given by (2. 2),

;:) (7o, 71;iw,)=® ;ﬁ)(h-ﬂ'; 1Wn) +@ r, cutors (713 iwn)(ZW)z@Ttk”(iwn)@h” cutots(= 715 fwy).
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Ry, (Gw,) = Bip) (i0,) + Rip) Gw,) (3.11)

Let us turn to the solution of (3.4) for sharp im-
purity distribution, case (a). Considering (3.4)
and (3.7)-(3.11), one gets

(Tkk'(iwn»av = (2W)26(ku - k|1) F(k)F(k ,)le”(iwn) ’

(3.12)
where
Tn;,,:o(’iw,,) =c(21 + 1) If,(iw")

c21 +1)%,(Gw,) R,k”=o(iw,,) tiw,) +o--

(3.13)
The series can be summed up with the result

c(21 +1) 4 (Gw,)

Tonge o890 = 17000 4 1) tyi,) Rag iy * 1Y)
As in (13.6) and (13.7), we introduce
dk-l- ik, x 3.15
(Ry; iw,) f F(k)zw Y ethr | (3.15a)
Rsiog) = [° Pa ) —2_ ginse (3. 15b)
/. 2m iw, = &, ’
(3. 16)

(3.15a), (3.15b), and (3.16), the Dyson equation (2. 8) can be written in the form

siw,),  (3.17)
one gets (3.17) in coordinate space as

(3.18)

The EDS can be obtained by inserting (3. 18) into (2. 3) and considering (2.7):

(0)

D;ﬁlo(x: W) =Py, Lo+ 4T Im[Ttk,,(w —i6)©k”cutott(x: w=id)g k"cuton(‘ %y w'io)]kro ’

where T,,(iw,) is given by (3.14). This result is the
generalization of (I3.13) for an impurity layer.

In the case of the smooth impurity distribution,
the calculation proceeds in a similar way, but the
positive and negative momentum values must be
treated separately. The Green’s function can be ex-
pressed by the scattering amplitudes, similarly to
(3.18), and one obtains

(h) ciw. )= (0 >
Oy (7,70 5 iwg) = 6,V (70, 75 dw,)

+ (277)2@;:():“0“(?’1_; tw n)Tl(kT:(iwn)@;:z:utoﬂ(_ 'VJ-,; iwn)

(3.19)

|
+ (ZW)ZQ%;;Z:MOH(YL;iwn)Tl(k (zwn)(%k cutoﬂ(" 75 iw,) ,
(3.20)
where the scattering amplitudes are the following:

c(21+1)t,(iw,)

Y4 (i )= . .21
Tu, (icon) 1-c(21+ 1)t,(iw,,)R(,:l)l(iw,‘) (3.21)
By comparing (3.10a) and (3. 11), we get
( +) C(zl + l)tl(iw”)
(an) le”(lwn — %C(Zl " 1)t;(iw,,)R,k“(iw,,) .
(3.22)
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Inserting (3. 20) into (2. 3) and considering (3. 22),
the final expression of the EDS is obtained:

(b)

Perrol(#, @)= py 2+ 4m Tmn{Tf,r) (1w -0)

( . : ( . ;
x [© k:gutou<x’ w'lé)&k”?utoff(-x: w=i6)

- sy () .
+ ®§¢"gutou(x; w"la)("ﬁk"cuton,("x, w'za)]}k"=0 .

(3.23)
Furthermore, the following identity can be seen
from the comparison of (3. 15a) and (3. 15b):

(“k,,cuto:t( X; iw,) = @)(lec):utotf(+ X; iwp). (3.24)

Making use of this identity, the expressions of the
EDS [(3.19) and (3. 23)] can be further simplified:

(a)

(
Pk"-o(x, w)= pkl?lo

+47 Im[T,k"(w-iﬁ)@g"cuto“(x; w'ié)]k"=o (3. 25)

for a sharp impurity distribution and

(0)

piLo(x, w) = Py + 4 [T, (w0 =i8) G hutors (¥; w=i0)

X O dutore(t; w=i0)ly .0 (3.26)

for a smooth impurity distribution, where the de-
finitions of the scattering amplitudes are given by
(3.9) and (3.22). These equations, (3.25) and

(3. 26), are similar to (I3.8).

The modified Green’s function Ry, (w-id) given by
(3.10a), (3.10p), and (3.11) can be eas11y evaluated
for |®l <A, i.e., lw+€y=ul <A, and by then con.
sidering that in this interval F(k)~ 1, 2® one has

Ry, (wx8) = Fimp, (3.27)

which can be inserted into (3. 14) and (3.22). In
(3.10a) and (3. 10b) the integrals have been evaluated
making use of the approximation leading to (4. 2).

IV. SPATIAL DEPENDENCE OF EDS
In order to determine the spatial dependence of
the EDS the modified Green’s functions ® ¢* o atots

and B 4" k"cum, will be calculated. One can prove,
using the definitions (3. 15a) and (3. 15b), that
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- N *
® }z"gutoﬂ(x; w)= [Q)Lllgutotf(x; o). (4.1)

The calculation will closely follow the previous
one given in the Appendix of I. The integral with
respect to the positive. momentum values can be
transformed to an integral with respect to the ener-
gy as

[ o) 5

Making use of (I2.4), (12.5), and (2.6), the
modified Green’s function & }*),, .., given by (3.15a)
may be written as

4.2)

p( 0) AZ 1

® froutore(¥, w£36) = 5 | € e T

x expli(kq, + v;t%)x] . (4.3)

This integration can be easily performed by the con-
tour integration method to yield the result

A2
(n =1
O 20, cutors(¥y wx0) =3 Plgto ATt

x [e27? ¢t 0% (G 4+ A) = iA(L+ sgb)e k0B v

for x>0, (4.4)

where
v= 'I)h”=0 .

In the case (a) of sharp impurity distribution, Eq.
(4. 4) has to be inserted into (3.25). The change in
the EDS consists of two parts, the oscillating and
the nonoscillating one, Apii%,oand Apitly, o, re-
spectively, i.e.,

( (0 (a) (
pk:io(x, w)= pkl,:0+ AP);TT:O, o%, w) + Apk:LO, no(% @) «

(4.5)
The final result can be obtained after doing some
algebra and it can be expressed with the aid of dif-
ferent coherence lengths £, and &3, introduced in
I by the Egs. (I3.16) and (I3. 17) as, respectively,
Ex=v/8, Ez=v/0.

In this way one gets

T A? af . 1
Apr(a::o,o(x, w)= - 3 <P;3:om‘z‘> Im[Ttk" o(w —i0)] {20052<k0+gg x

. o, 1 —2121/2 w? w
— 2~ %1/t [005<2ko+gw> Zs1n(2ko+g_‘b->x]+e Bzl ta [(I*Kz>0052kox+2Z51n2kolx| |

+Re [Ty -olw - ib)]{— 2sin2 <k0+%> | x| +2e

w

%/, [sin<2ko+gl~;)lx‘ Lcos(2k0+€t)x]} , (4.6)
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- A2 \2 i
Apiﬁio,m(x,w) == E(Pk“=oAa ) {Im [le" olw =9)] [29 e/t <C0

+Re [Ty, .o(w ~70)] [Ze"‘“A (sin

where it is taken into account that the EDS is an even
function of the variable x.

This situation is somewhat changed in the case of
a smooth impurity distribution, where the change in
the EDS is definitely nonoscillating:

(b)

pk” O(x’ w) (0) (b)

pk -0+Apk”=0,m(x» (4)) ’ (4'8)
where App), o(x, w) can be evaluated as (4.7) was,
considering (3. 26) and (4.17). Furthermore, com-
parison with (4.7) yields

Apfzzio,m(x’ w)=[ap k,, oo, W)]pagte (4.9)
where T— T means that T has to be replaced by
T'*) in (4.7). This result shows that the spatial de-
pendence of the nonoscillating part is not sensitive
to the distribution of the impurities. On the other
hand, the oscillating terms appearing in (3. 26) from
Gb,ﬁl’l')cm,, and Oyt cancel each other, It is worth
mentioning that the oscillating terms are absent due
to the different distances of the impurities measured
from the point at which the EDS is questioned.

|
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o "2
sé -%)- sin%) —eEl/ts <1 +§‘2‘>]
x| w

JE——;- z cos lg:’)]}, (4.7)

The discussion of the results derived here is left
to the succeeding sections. However, we have seen
in Paper Ithat the most pronounced effects appear in
the so-called “unitarity limit,” when the change in
the EDS reaches its maximal amplitude. The uni-
tarity limit has been introduced as the case of a
phase shift equal to 37. In our actual case the scat-
tering amplitudes given by (3.14) and (3. 22) cannot
be expressed by a single phase shift in general.
However, we may call the unitarity limit the limit
when {(w £0)— + {0 Or ¢ ~. The real possibility
of approaching this unitarity limit will be discussed
in Sec. VI. The scattering amplitudes have simple
limiting values, especially

Tipyeo(@ £6) = = [Ryp ool £30)]™ = Fi(mpp0l0) ™, (4.10)

1 s 2

(+) ~
Pl Rzk”.go((A)iié) (0) ’

beolw£0) = — (4.11)

.F
TPy, =
where (3. 27) is taken into account,.
Let us start the discussion with the case of sharp
impurity distributions, where the results (4.6) and
(4.7) have the following simple forms:

Apt®) o (_a% \? 1 1%l /2 1 w 1
pk”=0'0(x, w)~—~ ‘zpk" ) 2cos2 ko+g;' x - 2e Al cos 2k0+-£~:)x—zsm 2k0+zj>1x‘:’
w w

W,

- -
+e=2l/ta 1—22- cos2k0x+223in2k0‘x| , (4.12)
A A

(a)
Yo e X, W
Pz, ©) = A+ w 5%

which are represented in Figs. 2 and 3, considering
the right-hand vertical scale in the latter one.

In the unitarity limit, similar to the single-im-
purity problem for s-type scattering [see (14.2)],
the EDS vanishes at the impurity layer. It is inter-
esting that one-half of the depression of the density
of states is provided by the oscillating part and the
other half by the nonoscillating part, as it can be
seen in Figs. 2 and 3. The derivative of the EDS is
zero at the impurity layer. It is interesting that at
large distances only the oscillating part with a very
large amplitude remains.

The results (4.6) and (4.7) show that the EDS per-
turbation around a single impurity is coherently
enhanced in the neighborhood of an impurity layer,

2 2 X (‘;)
aprs‘?)-o( E‘A_2'~ > [26"’”“5‘ <COSE:_~ -

AR RIS IPVE “’zﬂ
§w> e A 1+? ,
[

with respect to the oscillating, as well as the non-
oscillating part. In the case of a single impurity
we have a factor 7 % in the change of the EDS; in the
present case the distance x does not appear in the
form of a power function; therefore, the damping is
smoother for an impurity layer than for a single
impurity. The nonoscillating part is damped out
beyond the coherence length, and, on the other
hand, it is strongly reduced with changing sign be-
yond the cutoff energy A as shown in Fig. 3. This
energy dependence is more rapid for larger dis-
tances Ix |,

The change in the EDS for a smooth impurity dis-
tribution can be obtained by inserting (4.11) into
(4.9), and it is illustrated in Fig. 3 using the left-

(4.13)
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FIG. 2. Oscillating part of the change in the EDS inthe
unitarity limit as a function of the distance measured
from the impurity layer, for sharp impurity distribution
[case (a)] for ¥ =0.

hand vertical scale. The final result may be com-
pared with (4.13), and then one obtains

AP o (x, w)=24p8) L (x, W) . (4.14)

In this case the nonoscillating part of the EDS at
x=0 has the same amplitude as the unperturbed

EDS pi%, but it has opposite sign. Thus the EDS

at the impurity layer (x=0) vanishes for the unitarity
limit in both cases.

V. TUNNELING ANOMALIES

Now we discuss how these EDS anomalies show
up in the characteristics of a metal-insulator-metal
(MIM) tunnel junction containing a layer of impuri-
ties in a distance D measured from the barrier sur-
face as shown in Fig. 1. Some of the basic points
of this problem were investigated earlier by Solyom
and one of the present authors,®~11:27

For the sake of simplicity we treat the case of
zero temperature. As it has been derived
earlier, !> the dynamical conductance at voltage
V is proportional to the EDS p(D, eV) at the barrier
surface where the energy variable w is taken as eV.
Let us suppose that the EDS of the-metal on the left-
and right-hand sides without impurities are inde-
pendent of the energy; furthermore, G'® and R
denote the conductance and resistance of the pure
junction. In this way, the dynamical conductance
and resistance versus voltage can be given by the
following formulas for junctions containing
impurities!!:

G, V)/G=2(D, eV), (5.1)

R(D, V)/R'®=2zYD, eV) , (5.2)
where tfme renormalization function of the EDS is

Z(x, W)= py 2o, w)/P . (5.3)
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The parallel momentum component is chosen to be
zero because the tunneling rate of the electrons is
the largest in this case.?®

In the first step of our investigations it is sup-
posed that the impurities can be found on the sur-
face of the barrier D=0. The expressions of the
EDS are given by (4.5)-(4.9) for cases (a) and (b),
respectively, which can be inserted into (5.3). Then
one obtains

z'¥(0, w)=1-mpImTy, (w-i6),  (5.4a)

z™(0, w)=1-51p% Im T o(w=i0) ,  (5.4b)
where the assumption @ << A has been made. It is
worth mentioning that in the unitarity limit intro-
duced in Sec. IV by the formulas (4. 10) and (4.11)
the renormalization function Z(0, w) vanishes: The
conductance becomes zero and the resistance di-
verges.

The results (5.4a) and (5.4b) might be slightly
changed if one considers the presence of the barrier
by assuming some particular surface scattering.

Considering (3. 14) and (3. 22), the renormaliza-
tion function can be expressed by the electron-
impurity scattering amplitude #(w) in both cases
(a) and (b) as

z*(0, w)=Re[l —ik'*Pc(21+1) t;(w -i8)mpi% ],

(5.5)

where k=1 and k' =4. To compare the theory
with experiments it is useful to introduce the num-
ber of the monoatomic impurity layers N, instead
of the surface concentration ¢. N, can be smaller

than 1. In this way one obtains
05 025
y=15 . 0
' 0 y:075 e
s x" /
>
- Y0375
73~ S -05 "'0.25
Xe
v &
o ¥:0 Y= <
q
-1 r -05
0 1 2
X/§

FIG. 3. Nonoscillating part of the change in the EDS
in the unitarity limit as a function of the distance mea-
sured from the impurity layer for different values of the
energy parameter y =®/3. The curves apply for sharp
[case (a)]and smooth [case (b) ] impurity distribution as
well, if the vertical scales at the right and at the leftare
considered, respectively.
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Cpﬁeﬁlo: YN, P00, (5.6)

where 7 is a proportionality factor of the order of
unity.

The renormalization factor Z(0, w) has a rather
simpler form if ¢;(w) is purely imaginary, namely,

Z(a'b)(o, )= [1 +Ni7Tp(0)7K(a’b)(ZZ +1) tl(w—iﬁ)]-l .

(5.7)

This formula was first derived by S6lyom and
Zawadowski'®!! for case (a). Making use of (5. 2)
and (5.7), one obtains for the resistance

R (0, v)
T RO

=1+N,mp QP (21 +1)Imt,(eV —40)

. [N ymp @ vk @) (21 1 1)Ret, (e V - i0)]?
1+ Nmp' Oy ™ (27 +1) Imt, (e V —40) *

(5.8)

The consequences of the above-derived results will
be presented in Sec. VI.

Let us turn to the case where the impurity layer
is at distance D measured with respect to the bar-
rier surface. Experimentally, the preparation of
the impurity layer is never perfect. Therefore, the
real situation may be described by case (b). As-
suming that [@| <A, the dynamical conductance can
be obtained up to linear terms in ®/A by making use
of (4.7) and (4. 9):

G(D, V) -G'?
e

= -%Wpé.?lo[hn [T52).ow = i0)] (2e7P/¢a — e3P/ %a)

~Re[T}}) .o(w - i0) |2 =P/t

X <s1n £ ta CSE )]w:el’ , (5.9)

w being equal to eV, and T (w) given by (3. 22).
Furthermore, if ¢,(w) is purely imaginary, then
ReT®’(w) =0 and one obtains

[G(D, V) - G(O)] /G(O)
== 37 pyy Im [ T1320(w = 36)] (2e77/a — £72P7¢4)

(5. 10)

0 ~2
» V) = _ =D/t “D/tp _ o &Y
G(O V)——*—ém';—e A [2-@ A O<'Zg>:|, (511)

where, by virture of (4.7),

(:!2) ( D D? -D/t >(:>2
O'(Kg = 2E+-§-A-+Ze A-2 Az

F. MEZEI AND A. ZAWADOWSKI 3

gives the lowest-order corrections for energies not
very close to the resonance; i.e., lw— €l=lwl<aA
is not satisfied. The result given by (5. 11) shows
a decay, with the distance D characterized by the
coherence length £,. This function is shown in
Fig. 3 as the curve with the parameter y =0 if we
consider only absolute values of the numbers on the
left-hand vertical scale.

It can be mentioned that independent of the as-
sumption ReT" (w) =0, (5.11) is valid for the volt-
age V,=(€q— 1) /e corresponding to the resonance
energy.

VI. DISCUSSION OF TUNNELING ANOMALIES

The most striking application of the theory is to
the Kondo effect, where the scattering amplitude
t,(w) shows a resonant behavior at the Fermi en-
ergy.3® The theory of Kondo scattering can be ap-
plied if a magnetic moment is formed on the tran-
sition-metal impurity. The alternate case is when
there is no moment on the impurity, but the occu~
pation of spin-up and spin-down d (or f) level is
fluctuating, This is known as the spin-fluctuation
model, where the conduction-electron-impurity
scattering amplitude exhibits a peak at the position
of the d level, 3! which might accidentally coincide
with the Fermi energy. However, recently it has
been shown by Wang, Evenson, and Schrieffer3?
that the two mentioned possibilities are two opposite
limiting cases of the same physical phenomenon;
therefore, the realization of intermediate cases is
very likely. Nevertheless, only the Kondo effect
is discussed here as an example.

There are a few general features of the problem
which can be applied to the Kondo effect in a
straightforward way.

Position of anomaly. If the resonance takes
place at the Fermi energy w=0, the characteristic
anomalies are found around the zero bias.

Symmetry of chavacteristics. If the band struc-
ture of the conduction electrons in the neighborhood
of the Fermi energy is approximately symmetrical
with respect to the Fermi energy, there exists the
electron-hole symmetry in the scattering amplitude,
which has the form®%

¥ w=i8) == t(= w—16) . (6. 1)

Similar symmetry properties can be proved for the
scattering amplitude corresponding to the impurity
layer, namely,

[TNw=8)]* == T™(- w=i0),

(6.2)
T*(w = i8) = = T(— w~ 16),

where (3. 14), (3.22), and (3. 27) have been consid-
ered. Inserting this relation into (5.9), one obtains
for D=0:
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G(V) =G(- V).

Thus the electron-hole symmetry of the scattering
problem shows up in the symmetrical characteris-
tics of the junction, 3

It is worth mentioning that if €,=pu, the relation
w—— w corresponds to W~ — @, and by this it can
be seen from (4. 7) that the characteristics remain
symmetrical for D #0 also, since the even function
ImT(w - 76) and the odd function ReT(w - 5) are
multiplied in (4. 7) by even and odd functions of @,
respectively.

Effect of impurity-impurity intevaction. We
have constructed the scattering amplitude for the
impurity layer from that for a single impurity.

As a first approximation we may take the single-
impurity scattering amplitude from the one-impu-
rity problem. This way, entirely neglecting the
impurity-impurity interactions, we may expect to
obtain results valid for low impurity concentra-
tions. In this case in the unitarity limit ¢,(w - 5)
- i/mp0'® we obtain for the relative amplitude of the
resistance anomaly from (5. 8), if D=0,

[R(Vy) = R /Ry=yN, (21+1). (6. 3)

We mention that in the low-concentration limit
the one-dimensional impurity-concentration func-
tion c(x) introduced in Sec. III makes good sense
if the average separation of neighboring impurities
in the layer is much smaller than the electronic
mean free path due to scatterings of other origin.
Namely, we are interested in the number of im-
purities in the plane characterized by a particular
value of x sensed coherently by an electron,

On the other hand, for high impurity concentra-
tions we should take into account the interaction
between impurities. We mention here two types of
interactions: (i) The Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction is negligible if the
corresponding energy is rather small compared
to the Kondo energy, *°® which is not necessarily the
case in general. (ii) If the impurity can be found
in an impurity layer, then the conduction-electron-
impurity scattering amplitude is determined not by
the bulk EDS, butby the EDS modified by the other
impurities in the layer. First of all we would have
to calculate the scattering amplitude for the drasti-
cally depressed energy-dependent EDS at the impurity
layer rather than thatfor the constant bulk EDS, as
has been discussed by Sélyom and Zawadowski, 1127
This would mean a self-consistent treatment. Due
to mathematical difficulties, however, the solution
of the single Kondo-impurity problem is not avail-
able for an arbitrary energy-dependent EDS, not
even in an approximation; thus we can make only
some qualitative considerations, to explore the ef-
fects of this self-consistency. Two consequences
will be discussed.
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A. Amplitude of Resistivity Peak

The maximum possible value of |#{w— i6)| is given
by the unitarity limit 1/7p‘®, I the actual value of
the EDSaround the Fermi energy is considerably
reduced at the impurities, the value of the unitarity
limit has to be enhanced. An increase of I¢;,(w)]
in turn leads to a further decrease of the EDS. As
a result, it is possible that for high impurity con-
centrations

)1, (6. 4)
In this case, as it can be seen from (3. 14) using
(8.27) and (5. 6) with N;~1, Ty, ., approaches the
unitarity limit of the scattering amplitude which
has been defined by (4. 10) and (4.11). In this
limit for D=0, the junction conductance approxi-
mately vanishes for the resonant energy, i.e., at
zero bias, as mentioned before. It is worth notic-
ing that in the case of s-type scattering, as the
scattering amplitude approaches the unitarity
limit, the EDS vanishes at the impurity site for sin-
gle impurity [see (I4. 2) for the phase shift 6=3 7],
and similarly, the unitarity limit for the case of
an impurity layer defined as Im{ - « corresponds
to zero EDS in the layer.

On the basis of the foregoing considerations we
may expect that with increasing impurities, the
unitarity limit for #, (w), as well as the maximum
actual value of its imaginary part, Im¢; (w —i0)
increases, In this case the maximum of the dy-
namical resistance given by Eq. (5. 8) as

max |R (V)/R,|

max|t,(w - i6) | > (mp

=1+N,; 1P yk{@? (21 + 1) max [Im¢, (e V - i5)]
(6. 5)

depends on the impurity concentration nonlinearly.
Thus, beside the explicit dependence expressed by
the term N;, we have a further variation implicit
in ¢, (eV~i6). Order-of-magnitude changes of the
resistance, i.e., “giant resistance peaks,” can be
understood only if we take into account this self-
consistent modification of max|#, (w)| also.

FIG. 4. Experimental dy-
namical resistance vs voltage
characteristics of Cr-doped

2 Al-Al tunnel junctions nor-
N malized to the characteristics
g of a pure junction having the
§% same resistance at — 200 mV
& (from Ref. 6) as compared to

the theoretical curve (see text).

200 0 200
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B. Narrowing of Resistance Peak

Nevertheless, there is another important con-
sequence which follows from the self-consistent
treatment. The width of the resonance can be
characterized by the Kondo energy

E = AeN/200?

’

where J /N and A are the electron-impurity ex-
change coupling constant and cutoff energy, re-
spectively, Also taking into account in this equa-
tion the reduction of the EDS at the impurity layer,
we may expect a drastic narrowing of the resis-
tance anomaly given by (5. 8) with increasing im-
purity concentration. The actual value of Ex has
to be determined by some average of the actual
EDS certainly smaller than p‘?,

As a qualitative illustration of this behavior,
we reproduce two experimental R (V) characteris-
tics of Ref. 13 obtained for different amount of
dopants introduced into the barrier (solid lines in
Fig. 4). The characteristics a and b correspond
to junctions containing the total amount of Cr
dopant equivalent to about one-half and two mono-
atomic layers, respectively, introduced into the
barrier region of an Al-AlO;-Al tunnel diode. As
another illustration we have plotted in Fig. 4 a
theoretical characteristic also (dashed line), cal-
culated for the approximate scattering amplitude

proposed by Hamman'*:

1 X
Hw)= g (1 v [X2+S(S+1)7r2]“z> ’

where X is connected with the energy w in a rather
complicated way. The calculation was made using
(5. 8) with the reasonable value N;y« (21 +1)=3.

To obtain qualitative agreement with the experi-
mental curve a in Fig. 4 we chose T, =2000 °K,

(In the computation of the scattering amplitude the
impurity spin S was taken to be equal to 3; how-
ever, the final numerical results are not very
sensitive to the value of S.) This value of the Kondo
temperature, on the other hand, would not be un-
reasonable for the Al (Cr) system, We should like
to emphasize, however, that this demonstration
that the present theory is adequate to explain ex-
perimental data was intended only to show the pos-
sibility of such explanation of giant resistance
peaks., As discussed before, firm experimental
evidence for the observation of EDS changes by
tunneling is not yet achieved.

VII. CONCLUSIONS

Theoretical investigation of the change in the
conduction EDS around one impurity has been ex-
tended to the case of an impurity layer. It has
been supposed that the conduction-electron—im-
purity scattering amplitude was a separable func-
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tion in the variables of the energy and momenta of
the incoming and outgoing electrons [see (3.7)].

No particular assumption has been applied to the
energy dependence, but the present paper has been
aimed at resonant scattering. The spatial structure
of the change in the conduction EDS has been char-
acterized by only one characteristic distance,
called coherence length, since only one region of
the momentum has been assumed to contribute to
the scattering amplitude., In the case of s-d ex-
change interaction without potential scattering,
this momentum region should be exhibited by the
exchange coupling constant J,,. as has been dis-
cussed in Paper I. Furthermore, the present theo-
retical treatment can be applied to potential scat-
tering also, if the potential is a separable function
among the momentum variables, In this case the
coherence length is determined by the momentum
dependence of the potential, Finally, if the poten-
tial scattering and exchange interaction are to be
considered simultaneously, then the results pre-
sented here should be essentially reinvestigated.

We have seen that the scattering of conduction
electrons by transition-metal impurity atoms may
cause tunneling anomalies, if the impurities are
near the barrier, because the EDS changes
around the impurities inside the coherence length.
It is worth mentioning that homogeneously distri-
buted impurities in the metal electrode (dilute al-
loys) do not change the EDS essentially, !*'3 which
fact seems to be in agreement with some recent
experimental results, ¥

If the anomalous part of the characteristics is
symmetrical in the applied voltage, we may con-
clude that the scattering at least approximately
shows the electron-hole invariance. Furthermore,
a giant anomaly being centered at zero bias may
be due to Kondo scattering which occurs when there
is a magnetic moment on the 4 level of the im-~
purities. On the other hand, if no moment is
formed on the d level, but the momentum is fluc-
tuating (local spin-fluctuation model), then the
resistivity peak should be around the voltage cor-
responding to the energy of the d level.

If one assumes that the giant zero-bias anom-
alies are due to Kondo scattering, it seems to be
a good check to measure the concentration depen-
dence of the characteristics. For larger amounts
of the impurities the giant resistivity peak should
show a nonlinear dependence on the impurity con-
centration and the peak should narrow as discussed
in Sec. VI.

To make use of zero-bias anomalies for studying
the Kondo effect, first of all very well-controlled
experimental situations should be realized., There
are two possible applications.

(i) The first is to determine the coherence
length and to get information on the momentum
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dependence of the exchange coupling, We see that
the major interest of the present theory lies in
pointing out an adequate method of determining
the characteristic coherence length in the Kondo
problem currently very often investigated. As
mentioned in the Introduction of I, the problem

of the coherence length is far from being settled.
The present method has the advantage that from
the measured G (D, V) curves, one could easily
determine the value of £,, considering the ex-
pected simple functional form given in (5.11). It
is of interest that the negative-definite part of the
EDS change has the largest spatial extent for zero
energy, and falls off rapidly beyond [&| >A (see
Fig. 3). In the coherence-length studies, just
this may give substantial importance to a method
appropriate to investigating the perturbations of
the electron wave functions due to scattering at
different energies separately.

(ii) The second application is to study the en-
ergy dependence of the Kondo-scattering ampli-
tude. For this purpose those junctions seem to
be the most appropriate in which the impurities
are near the barrier (D «<£,), but not in the bar-
rier, and, on the other hand, the concentration
of the impurities is small enough not to change the
single-impurity scattering amplitude #, (w) (see Sec.
VI). Thus considering (5. 8) and keeping only the
term linear in the impurity concentration, N;, the
change of the resistivity, is proportional to the
imaginary part of the scattering amplitude. As we
have pointed out in the Introduction, tunneling seems
to be, in principle, a unique tool for the study of
this problem.

We mention here that the coherence length plays
an important role in the formation of the spatial
structure of the Kondo spin-compensated state at
low temperature. The conduction-electron spin
polarization around a paramagnetic impurity con-
tains such a contribution which extends in the range
" of one atomic distance, if the calculation is per-
formed using a cutoff energy corresponding to the
conduction-electron bandwidth.® However, the
spatial range of this contribution can be enlarged
up to the coherence length £, when a cutoff proce-
dure is applied in the momentum dependence of the
exchange coupling constant.

As we discussed in the Introduction, many ex-
perimental results show the giant resistivity and
conductance peak simultaneously. We briefly sum-
marize here what could be an explanation of these
effects, by supposing that the magnetic impurities
are responsible for both anomalies.

Let us suppose that some of the impurities are
in the metal electrode and others can be found in
the barrier. Those in the metal may be responsible
for the giant part of the resistivity peak, as we have
discussed in the present paper. Furthermore,
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making use of the assumption that for the electron-
impurity scattering inside of the barrier there is
no small cutoff parameter (< Ey), then according
to Appelbaum and Brinkman’s recent work?* the
impurities inside the barrier may change the EDS
to cause a conductance peak. This conductance
peak was formally fitted by Appelbaum® by an
adequate choice of the impurity-assisted tunneling
amplitude. However, we emphasize that this change
is the effect of the local self-energy on the EDS and
is not connected with a new>® assisted tunneling
channel, which is always based on the nonlocal be-
havior of the interaction (e.g., contrary to the
molecular-vibration-assisted tunneling). At this
point it is worth mentioning that the Kondo scatter-
ing becomes weaker as the position of the impurity
is shifted to the middle of the barrier, because

the amplitude of the tail of the conduction-electron
wave function falls off very rapidly in the barrier.
In other words, the predicted conductance should
always be narrower than the resistivity peak.
Furthermore, if the density of the electrons de-
pressed at and inside the barrier is due toimpurities
found in the electrode, the strength of the exchange
coupling interaction is reduced, because the cou-
pling strength is proportional to the effective ex-
change integral and the EDS in the neighborhood

of the Fermi energy. Thus the giant resistivity
peak and the conductance peak should be narrowed
simultaneously by increasing the concentration of
the impurities. However, we may mention that we
still cannot rule out the possibility, admittedly un-
likely, that the conductance peak is a consequence
of the impurity-impurity interaction or of some
structure in the scattering amplitude.

Finally, we mention another ambiguity in the
theory. The main argument against the existence
of a new assisted tunneling channel could be the
local behavior of the exchange interaction in space,
in which case there is no new channel.!’ From
first principles it is quite impossible to justify
this point.3® Unfortunately, the experiments also
cannot provide this information. Using a Green’s-
function decoupling scheme first applied by Appel-
baum, Phillips, and Tzouras'® to the theory of
zero-bias anomalies, the change in the EDS and a
phenomenologically introduced impurity-spin-as-
sisted tunneling channel as that suggested by
Appelbaum?® can be treated at the same time. Such
a calculation has been performed by Sz-Nagy,*°
paying particular attention to the averaging over
the impurity sites. She found, if both phenomena,
i.e., local change in the EDS and assisted tunnel-
ing, are present, then these two effects produce
an interference cross term which yields asym-
metric contributions to the resistivity.*' Since the
experiments show fairly symmetric R (V) charac-
teristics, one of the phenomena should be negligible.
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If the change in the EDS can be taken tobe well justi-
fied, we may conclude that the introduction of the new
assisted channel is probably not necessary.
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