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The conditions necessary for the occurrence of the two types of zero-bias conductance
anomalies observed in certain tunnel junctions, (i) the large conductance dip (“giant resist-
ance anomaly”) and (ii) the small narrow conductance peak, were studied by introducing con-
trolled amounts of impurities between the Al,03 barrier and the top electrode M of Al-Al,03-M
tunnel junctions. The elements Ti, Cr, Co, Cu, and their oxides, as well as CaO and Ge,
were used in layer thicknesses up to 30 A. The effect of the dopant layer is dependent on
the choice of Al or Ag for the metal M. This result is attributed to the different chemical
reactivities of these metals. The small conductance peak treated by the theory of Appel-

baum was found to occur only when unoxidized magnetic impurity was adjacent to the top
electrode. Oxidized magnetic impurities, as well as CaO and Ge, produce a large con-

ductance reduction.

However, it was found that the reduction is very sharp for Ge and for

partially reduced layers of the transition-metal oxides, but quite broad for CaO and well-

oxidized transition metals.

Although the conductance peak is associated with magnetic

scattering, Appelbaum’s theory does not account for the observed saturation of the peak
at T~1°K as T is lowered. Reduction of the conductance peak by magnetic fields up to

150 kG yielded gyromagnetic ratios g=1.50x0.15 for Cr and g=1.25+0.13 for Ti.

These

values imply very strong exchange coupling of the magnetic dopants to the conduction elec-
trons, in disagreement with the values predicted from the size and the saturation tempera-
ture of the conductance peak. The sharp conductance dip may be due to the fact that the
partially reduced dopant layer forms an amorphous semiconductor and that tunneling oc-
curs to a distribution of states which rapidly increases in density away from the Fermi

level.

The broad conductance reduction produced by well-oxidized dopants is attributed

to the addition of a potential barrier >0.5eV high to the Al,O3 barrier.

I. INTRODUCTION

Electron tunneling through a thin insulating bar-
rier between two normal metals has been studied
extensively.! However, there are two types of zero-
bias conductance anomalies which are still poorly
understood, a small peak and a large conductance
dip. Wyatt? found that the conductance of M-MO,-.Al
junctions, where M was niobium or tantalum, shows
a symmetrical peak at zero voltage with a half-width
of a few mV. At 4.2 °K the magnitude of the conduc-
tance peak is about 10% of the background conduc-
tance, and it increases logarithmically with de-
creasing temperature. Although initially explained
as the result of a logarithmic density of states at
the Fermi energy, Anderson® suggested magnetic
scattering by surface states on the metal or mag-
netic impurities in the oxide as a more likely ex-

2

planation for this phenomenon. Appelbaum*'® cal-
culated the effect of magnetic exchange interactions
on electrons tunneling through a barrier containing
magnetic impurities. Experiments by Shen and
Rowell® showed satisfactory agreement with the
temperature and magnetic field dependence of the
conductance peak predicted by Appelbaum, but in
their experiments the amount and kind of impurity
was unknown. Moreover, an unexplained dependence
of the magnitude of the peak on electrode material
was observed.

A large conductance dip was later observed in
M-MO,-M junctions with a tunneling barrier of mag-
netic Cr,0; or V,0,.7 In contrast with the small
narrow conductance peak, this conductance dip is
broader and orders of magnitude larger. The con-
ductance was found to increase more or less linear-
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ly with increasing bias, changing by several orders
of magnitude in a few tens of mV. Although quali-
tatively different from the phenomenon explained by
the Appelbaum theory, a calculation by Solyom and
Zawadowski® showed that a conductance dip may also
be caused by paramagnetic impurities located at

one barrier-metal interface.

To determine whether these zero-bias effects are
indeed due to magnetic interactions of tunnelingelec-
trons with impurities, it is necessary to add con-
trolled amounts of magnetic and nonmagnetic atoms
to the junction and to study the effect of these on the
conductance curve.” Investigations of Mezei® and
Wyatt and Lythall'®!! showed that chromium and
titanium deliberately introduced onto an Al,O4
barrier resulted in either a conductance peak or a
conductance dip, depending on concentration. A
later investigation of the effect of impurities, in
which the amount and oxidation state was more pre-
cisely controlled, '2 indicated that deviations from
the Appelbaum theory of the conductance peak occur
when chromium is added and that the conductance
dip is produced by oxidized chromium.

This paper describes the effects of controlled
amounts of Ca, Ti, Cr, Co, Cu, their oxides, and
Ge, deposited at the interface between the Al,Oq
barrier and the top metal electrode of Al-Al,Q3-M
tunnel junctions. In order to elucidate the depen-
dence of the phenomena on the top electrode metal
M, both aluminum and silver have been used. Be-
cause of the need for precise control of junction
preparation and impurity deposition to obtain re-
producible results, the methods employed are de-
scribed in some detail in Sec. II. The effects of
the oxidized dopants are considered in Sec. III: It
is found that the cause of the sharp conductance dip
is not magnetic scattering and various alternative
mechanisms are discussed. In Sec. IV the condi-
tions required for the production of the conductance
peak are considered and the dependences on dopant
thickness, temperature, voltage, and magnetic field
are investigated.

II. EXPERIMENTAL METHODS
A. Preparation of éamples

The methods of junction preparation which were
adopted had these primary objectives: (i) simultan-
eous deposition of different amounts of dopant onto
six junctions with an identical barrier oxide in or-
der to facilitate the comparison of different doping
levels; (ii) control and determination of the relative
and absolute amounts of dopant in the different junc-
tions; (iii) fabrication of the junctions entirely in
the controlled environment of a vacuum chamber
so that the junctions would be reproducible from
sample to sample and the composition of the bar-
rier oxide unmodified by the contaminants in labora-
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tory air.

The tunnel junctions were made in a system evac-
uated with a liquid-nitrogen-trapped oil diffusion
pump. Provision was made for installing a mass
spectrometer and ionization gauge close to the sub-
strate position. The evaporant was resistance
heated ~ chromium and titanium dopants were sub-
limed from bars of the metals. The total impurity
content of the source materials was <10 ppm in Al,
<100 ppm in Ag, <100 ppm in Ti, <100 ppm in Cr,
and < 1000 ppm in Co (mostly Fe and Ni).

Before a sample was made the system was baked
to about 150 °C to remove much of the water film
covering the inner surfaces. This bakeout was
necessary to obtain reproducible junction imped-
ances. After the chamber had cooled to about
25°C the pressure was 2X10™" Torr. A mass-
spectrometer ** analysis of the residual gases
showed fractional amounts of about 0.65 H,O,
0.13 Np, and 0.20 H,, with traces of others.
When aluminum was evaporated, the pressure
rose to 10”® Torr due to the liberation of H,
from residual water films. The pressure rose
to less than 2X 10 Torr when other materials were
evaporated, and in these cases also the pressure in-
crease was found to be primarily due to H,.

The samples were made on Pyrex glass substrates
which had silver dots fired onto the surface along
the edges. These silver dots provide solder points
to which reliable low-temperature electrical con-
tacts can be made. Before mounting a substrate in
the vacuum system, the silver dots were polished
and the Pyrex was cleaned with detergent in water,
rinsed with distilled water, and blown dry with fil-
tered air. Once the bakeout was completed, a wide
aluminum strip was deposited on the glass to pro-
vide one electrode of the junctions. Two successive
SiO evaporations through appropriate masks reduced
the exposed metal surface to six square junction
areas about 0. 3 X0.3 mm and insulated the strip
edges. After the aluminum strip had been oxidized
different amounts of impurity atoms were deposited
onto the junction areas, as discussed below, and
the impurity layer could then be oxidized. Finally,
six cross strips of aluminum or of silver were de-
posited to completely cover the junction areas, and
a protective overcoat of SiO was applied. The alu-
minum, silver, and SiO layers had nominal thick-
nesses of 2000, 850, and 1200 Ji, respectively.
SiO-edge insulation was used to prevent the develop-
ment of undesired structure in the conductance-
voltage curves when the temperature was lowered
below the superconducting transition temperature
of the edges. * Samples were made with narrow
electrode strips without edge insulation to assure
that the junction region was not significantly modi-
fied by the spreading of SiO under the masks. Oxi-
dation of the first aluminum strip, and of the im-
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purity layer when desired, was accomplished by a
plasma discharge® in 0.1 Torr of oxygen. The
aluminum strip was oxidized for between 0.5 and

5 min, depending on the junction impedance desired,
while 2 to 10 sec sufficed to oxidize the impurity
layer.

B. Control of Film Thickness

A quartz-crystal deposition monitor!® was used
to determine the thickness of the various deposited
films. The analog output of a frequency meter was
recorded on a strip-chart recorder. A special
shutter!” was used to make possible deposition of
a different amount of impurity atoms on each of the
six junctions of a single sample. This shutter has
a cutout sector with a different arc length for each
junction. By rotating the cutout at constant speed
past the sample, each junction was given a differ-
ent known exposure. Combined with a known and
constant deposition rate, the deposit thickness could
then be calculated.

The accuracy of the thickness determination de-
pends on a number of factors. First, it is well
known'® that the atoms incident on a surface may
not all stick to it, and a substantial error could be
introduced if the quartz crystal and the sample sur-
face had different sticking coefficients. Because
the same crystal was used to monitor all deposi-
tions, its surface was covered by the same material
as that of the sample surface and incident atoms
should have stuck equélly well to both. This pre-
sumption was checked by exposing the crystal to
evaporant after a constant evaporation rate had been
established. It was found that the sticking coeffi-
cient did not change by more than 5% as the thick-
ness increased from zero to several monolayers.

Second, the accuracy of the quartz-crystal depo-
sition monitor itself must be known. Sauerbrey!®
and others'® have found that, when temperature
drifts are compensated and the entire vibrating
part of the crystal is exposed to evaporant, the
error is less than 1% of the amount calculated
from

Af==(f%/poN) Am/A 1)

which relates Af, the frequency shift produced by
the deposited mass per unit area Am/A, to the
initial crystal frequency f, the density of quartz
Pq, and the constant N =167 kHz cm for AT-cut
crystals. The over-all calibration and measure-
ment errors in Af are estimated at £0.02Af+0.3
Hz, while the rate measurement obtained from the
slope of Af() has an error of about +3%. The un-
certainties in the shutter openings are less than
+0.3%, and thus the error in deposits made with
the shutter is +5% of the amount deposited. Be-
cause the shutter alone determined the relative
amounts deposited on different junctions of a sam-

PRODUCED BY THE ... 3821
ple, the error in these is less than +1%.

Third, the deposited mass per unit area has been
converted to an equivalent thickness by using the
bulk density of the layer. Although the actual thick-
ness must be rough on an atomic scale, this equiv-
alent thickness gives an average value. If the de-
posit consisted of isolated globules, such an aver-
age value would be of little interest; however, ar-
guments against this possibility are discussed in
detail in the Appendix. Moreover, the actual thick-
ness may differ from that calculated because the
density of the deposit or of oxidized deposit might
differ from the bulk density, the deposit might con-
sist in part of gas trapped during deposition, and
the specific surface area of the Al,0; barrier might
be greater than 1.0. There is no satisfactory way
to investigate the density of the deposit in the thin
dopant layers; however, it is unlikely to vary by
more than 20% from the bulk values which were
assumed. It is clear from previous work!? that
some gas must be trapped during deposition, but
the amount appears small and has not been consid-
ered. Swaine and Plumb?® have shown that the spe-
cific surface area of aluminum deposited at near
normal incidence is 1.0. Because the Al,0; bar-
rier layer grown on the aluminum must have the
same specific surface area, the conversion of mass
to thickness has been made assuming that the sur-
face area is its geometrical value.

C. Measurements

The tunneling characteristics of the junctions were
determined at temperatures below room tempera-
ture in a standard glass He* Dewar or in an all met-
al He® system.?' The temperature was measured
by means of a calibrated carbon resistor with an
error of about +1%. When the temperature was be-
low the superconducting transition temperature of
aluminum, a solenoidal coil provided a magnetic
field sufficient to suppress the superconductivity.
Without the magnetic field the energy gap of the
aluminum film was always apparent in the conduc-
tance-voltage curves of the junctions, and indicated
that the conduction mechanism in the aluminum oxide
was electron tunneling.

Standard ac modulation techniques were used to
measure the differential conductance or resistance
of the junctions. The p-p ac voltage on the junction
was kept less than or equal to 2T to prevent modula-
tion broadening. Because of this low modulation
voltage the measurement accuracy was limited by
thermal noise in the electronics — the error was
+£0. 2% of the conductance. Absolute values of the
conductance are accurate to a few percent. When
the junction conductance was less than its capacitive
reactance the current-voltage curve was measured
and then differentiated numerically. In this case
the error was between +1% and +5% of the conduc-
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tance.
III. LARGE CONDUCTANCE DIP

A. Experimental Results

A large and sharp conductance dip was observed
when chromium® and titanium or copper!® were
placed in M-I-M junctions. However, the condi-
tions of deposition caused partial oxidation of the
metal dopant, and the oxidation state(s) responsible
for the effect was not determined. Further studies'®
of the effect of chromium showed that the conduc-
tance dip resulted from oxidized or partially oxi-
dized material. To completely investigate the
relationship of the oxidation state to the appear-
ance of a conductance dip it is also necessary to
consider the effects of the electrode adjacent to the
dopant. One might expect that a less electronega-
tive metal would reduce or partly reduce the oxide
of a more electronegative one. For example, the
chromium-oxide layer might have been partly re-
duced by the aluminum electrode which was used
in the previous experiments employing chromium
as the dopant. Therefore, in these experiments a
reactive metal, aluminum, and a noble metal,silver,
were used as electrodes on otherwise identical
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FIG. 1. Conductance-voltage curves of (CaO,)Al junc-
tions at 77°K, The conductance decreases by a few per-
cent at 4.2 °K,
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FIG. 2. Same as Fig. 1 for (CaO,)Ag junctions.
junctions. To assure complete oxidation of the do-

pant prior to deposition of the electrode, the oxida-
tion time was varied between 2 and 10 sec with no
significant change in the effect of thin layers of
dopant. In addition to determining the effect of
dopant oxidation state, the hypothesis® that para-
magnetic ions produce the sharp conductance dip
was investigated. For this purpose a selection of
dopant materials was made from the fourth period
of the Periodic Table which included some elements
with d electrons unpaired in any oxidation state and
some which could be made paramagnetic or not by
choice of the oxidation state.

Typical families of curves which result from add-
ing different amounts of dopant to a single-barrier
oxide of constant thickness are shown in Figs. 1-8
for oxides of calcium, titanium, chromium, and
copper. The thickness of the oxide was calculated
assuming the stoichiometric composition shown on
each figure. Because the layer may be modified by
the adjacent electrode the notation (MO,) electrode
is adopted for the completed junction.

Calcium oxide in (CaO,)Al and (CaO,)Ag junctions
modifies the junction conductance in the way shown
in Figs. 1 and 2. When the aluminum electrode is
used the conductance is reduced by a factor which
depends on the calcium oxide thickness, but is very
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nearly independent of bias voltage. The shape of
the G(V) curves on these semilog plots is, there-
fore, almost unchanged by the added calcium oxide.
If a silver electrode is used instead of aluminum,
the conductance curves do show some change in
shape with increasing amount of calcium oxide, but
the primary change is again a general reduction in
the junction conductance. Increasing the measure-
ment temperature from 4. 2 to 300 °K increases the
junction conductance by about 50%. At any temper-
ature, equal thicknesses of calcium oxide in (CaO,)-
Al and (CaO,)Ag junctions reduce the conductance
by very nearly equal factors.

Titanium oxide has an effect which depends on
whether the structure is (TiO,) Al or (TiO,)Ag. Con
ductance curves for these two types are shown in
Figs. 3 and 4. The reduction in conductance which
is produced by the titanium oxide when it is covered
with an aluminum electrode has the same shape and
temperature dependence as that which has been ob-
served!® when partially oxidized titanium is covered
with a silver electrode. At 4.2 °K and below, junc-
tions which contain at least a monolayer of TiO,
have a zero-bias conductance minimum, shown in

A of TiO,
°© 5 A of TiO,
A

conductance (mho)

V oxis
expanded 10 x

|0-5T | 1 | | | I

03 0 0.3 06 09
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FIG. 3. Conductance-voltage curves of (TiO,)Al junc-
tions. The zero-bias conductance peaks present at 2.2
and 5 A& of TiO, are too small to be seen on the curves.
The measurement temperature was 4.2 °K; reducing the
temperature to 1.2 °K has no effect on the junction con-
ductance.
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FIG. 4. Effect of layers of titanium oxide in junctions
with a silver electrode. The curves were taken at 4.2 °K.

Fig. 3, which is as sharply pointed as the 3. 52T
broadening?® produced by the temperature depen-
dence of the Fermi distribution function permits.
When the temperature is raised the minimum grad-
ually becomes broader and shallower. For example,
the zero-bias conductance of the junction doped with
11.4A4 of TiO,, which is shown in Fig. 3, increases
by a factor of 2 as the temperature is raised to 77 °K,
and by another factor of 9 when the temperature is
further increased to 300 °K. In contrast to (TiO,)Al
junctions, the conductance reduction produced by
titanium oxide covered with a silver electrode is
very broad. The temperature dependence of the
minimum is much less than in (TiO,)Al junctions
with corresponding amounts of dopant; raising the
temperature from 4. 2 to 300 °K produces less than
a factor of 2 increase in the conductance of junc-
tions which contain less than 154 of TiO,. However,
the depth, sharpness, and temperature dependence
of the minimum increase with increasing dopant
thickness. This effect is already apparent in Fig.
4 where it can be seen that 15 A of TiO, produces
a minimum considerably more pointed than does
9.7 A. When 25 A of titanium oxide is covered with
a silver electrode, a sharp conductance dip, like that
seen in (TiO,)Al junctions, is produced, and the zero-
bias conductance at 4. 2°K is reduced by a factor of
10°° below that of the undoped junction.

The effect of chromium oxide as a dopant in junc-
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FIG. 5. Conductance-voltage curves at 4.2 °K of (CrO,)-

Al junctions.

tions covered with aluminum and silver electrodes
is shown in Figs. 5 and 6. The conductance-volt-
age curves show minima which are broader and
more symmetrical than those produced by corre-
sponding amounts of titanium oxide. However, we
again see that the minima are sharply pointed when
an aluminum electrode is used, but quite broad when

10
T 1 ] 1
o
— e 3.2 A of —
2 0 Cr203
o 7A Sf Crp Oz
o 10.5A of Cy 03

conductance (mho)

S,
4]

03 ©
bias (Volts)

-0.9 -06

FIG. 6. Same as Fig. 4 for (CrO,)Ag junctions.
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FIG. 7. Conductance-voltage curves of a series of

(CuO,)Al junctions. The extremely sharp dip at zero
bias was measured at 1.17°K, At4.2°Kthe zero-bias
conductance of the junction containing 27 A of CuO is
about twice its value at 1,17 °K, but this is consistent
with the effect expected from thermal broadening of the
Fermi distribution function.

a silver electrode covers the chromium oxide. The
temperature dependence of the conductance of junc-
tions doped with chromium oxide is like that of sim-
ilar junctions doped with titanium oxide.

Figures 7 and 8 show the effect of copper oxide
which is covered with an aluminum and a silver
electrode. The general effect is similar to that
produced by titanium or chromium oxides; however,
the conductance dip of (CuO,)Al junctions is nar-
rower, while that of (CuO,)Ag junctions is broader
than those which appear in titanium- and chromium-
oxide-doped junctions.

The modification to the conductance-voltage curves
which results from adding a layer of transition-met-
al oxide to the tunnel junction depends strikingly on
the adjacent electrode metal. A sharp dip in con-
ductance at zero bias is produced by all these ox-
ides when the electrode is aluminum, but a broad
dip appears if silver is used instead. In contrast,
the effect of calcium oxide is little influenced by the
electrode metal.

For the sake of comparison, germanium was also
deposited in thicknesses up to 31 A and covered
with aluminum and silver electrodes. A thickness
of 27 A covered with aluminum produces little change
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FIG. 8. Conductance-voltage curves for a series of

(CuO,)Ag junctions. In this case the effect of tempera-
ture variation over the range 4.2-77°K is negligible.

in the shape of G(V) and only a factor of 5 reduction
in the zero-bias conductance. When 31 A of ger-
manium is covered with a silver electrode, the re-
duction in zero-bias conductance is a factor of 200.
In this case, the shape of the conductance curve is
the same as that of the curve in Fig. 3 for 7.4 A of
titanium oxide, but the width of the dip is about twice
as large. Thinner layers of germanium in junctions
with a silver electrode produce the rounded conduc-
tance dips typical of (TiO,)Ag junctions.

B. Discussion and Conclusions
1. Broad Conductance Reduction

Many investigations of the voltage dependence
of the conductance of M-I-M junctions have shown
that relatively simple barrier shapes suffice to ex-
plain the experimental observations. 2 The WKB
approximation is used to obtain the tunneling prob-
ability and the prefactors to the exponential solution
are generally omitted. Duke® has found that the
conductance curve for a square barrier has a shape
given by

G(V)=~ G(0) cosh(V/2V,), (2)
where eV,y= ¢/kw, ¢ =barrier height, w=barrier
width, and k is given by k%= 2m,¢/#%. With a bar-

rier 20 A thick and 2 eV high, the conductance dou-
bles in 0.3 V, in good agreement with the measured
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behavior of these undoped and lightly doped junc-
tions, and also with previous studies of Al-I-Aljunc-
tions. % Much more elaborate parametrizations of
the conductance are possible, 2 but for the present
purpose this square-barrier calculation issufficient.
We have found that a broad conductance reduction
is produced when metal oxides are placed on the
aluminum oxide barrier and a covering electrode
of silver is used. Because the stoichiometric met-
al oxides are insulators in bulk, it is reasonable to
suppose that they form an additional tunneling bar-
rier which causes this conductance reduction. An
oversimplified model of the barrier, which none-
theless reproduces the principal features of the ex-
perimental curves, is illustrated in Fig. 9. At zero
bias, the potential barriers of the Al,O; and the
metal oxide are idealized as square barriers of

(b)

-y
-eV

(¢)

FIG. 9. An idealized potential barrier model for junc-
tions with the structure (MO)Ag. In (a) is shown the
barrier at zero bias together with the barrier height ¢,
of the Al,0; layer, the barrier height ¢, of the MO, layer,
and the energy ¢, by which the valence band of the MO,
layer lies below the Fermi energy. When a forward bias
of eVis applied, this barrier is modified to the one shown
at (b). The height of the barrier above one possible
tunneling electron energy is indicated as ¢. A reverse
bias of — eV changes the barrier to the one shown at (c).
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TABLE I. Approximate barrier heights ¢, and ¢, of
different oxides covered with a silver electrode. ¢, is
estimated from the shape of the conductance curves and
¢g is calculated from the zero-bias conductance reduction
produced by the oxides. Also shown are values of %Eg
for the crystalline oxides.

Oxide bq dsat1A ¢l at15A iE,

CaO ~2eV 0.8eV 0.03evV  >2.8eV?

TiO, ~0.5 1.6 0.09 1.5°

Cr,0;3  ~0.8 0.5 0.2 1.7°

CuO See text
~2 0.6 0

Cu,0 1.0°

2A. R. Hutson, in Semiconductors, edited by N. B.
Hannay (Reinhold, New York, 1959), p. 577.
PR. H. Bube, Photoconductivity of Solids (Wiley, New

York, 1969), p. 233.
°D, Adler, in Solid State Physics, Vol. 21, edited by
F. Seitz, D. Turnbull, and H. Ehrenreich (Academic,

New York, 1968), pp. 1-112,

heights ¢, and ¢, respectively. In the forward
direction of current flow (electrons going from the
aluminum to the silver electrode) the height of the
composite potential barrier is ¢, a function of the
energy of the tunneling electron and of position in
the barrier. The tunneling conductance can be cal-
culated exactly by numerical methods, but it may

be estimated from the probability for electrons to
tunnel at the energy E,+ eV, ignoring the change in
the tunneling probability of lower-energy electrons
which results from the bias-produced change in the
barrier shape. In this approximation, the effect of
the added oxide barrier will become zero for an
applied bias eV =(t +d)¢,/t, where ¢ and d are the
thickness of the Al,O; and the added oxide layer,
respectively, since at this bias, electrons can tunnel
directly to the conduction band of the oxide. Since
the reverse bias conductance is nearly symmetrical
to forward bias, it is also necessary to suppose that
the valence band of the added oxide is at an energy
— ¢, below the Fermi level, where ¢,~ ¢,. Then,
when the junction is reversed-biased,electrons may
tunnel from the valence band of the added oxide for
eV=—(t+d)p,/¢t. Without this tunneling path the
asymmetrical barrier consisting of ¢, and ¢, alone
would produce a strongly asymmetrical conductance-
voltage curve.

If ¢,<< ¢q so that the probability for tunneling
through the Al,O, barrier is in fact constant over
the bias range of interest, this model predicts that
the G(V) curves for doped junctions should merge
with the curve for an undoped junction at biases eV
~¢,and ~eV~- ¢,. Inthe case of (TiO,)Ag junc-
tions, the G(V) curves actually rise slightly above
the conductance of a lightly doped junction for for-
ward bias and remain below it for reverse bias.
This is understandable since the Al,O; barrier will
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actually reduce the tunneling probability more with
reverse than forward bias.? The G(V) curves for
the other oxides lie below the reference junctions
at all biases, indicating that the added barrier is
more nearly equal to the Al,O; barrier. Values of
¢, estimated from these curves are given in Table
1.

It is also possible to determine the barrier in
another way. One assumes again that the additional
oxide layer produces a square barrier, and then
equates the reduction in the tunneling probability
produced by such a barrier with the change in junc-
tion conductance which is observed at zero bias.
The free-electron mass m and the thickness of stoi-
chiometric oxide d are used in WKB tunneling-prob-
ability equation

P =exp[- 2d(2m¢])*?] (3)
to determine this equivalent barrier height ¢’,. The
values so obtained are listed in Table I. The effec-
tive barrier height is about 1 eV when the barrier
is 1 A thick (as extrapolated from 3 to 5 A barrier
thicknesses). Because the relationship of the aver-
age barrier thickness to the tunneling thickness is
probably different for the various oxides, as dis-
cussed below, it does not appear possible to relate
the variations in effective barrier height to specific
properties of the oxides, such as their polarizabil-
ities. Bulk values of such properties could not be
expected for layers less than one molecule thick, in
any case.

The decrease in P upon the addition of 1 A of ox-
ide to a 15-A layer determines the effective barrier
height of the oxide at this thickness. The values of
¢4 so obtained are very much less than the values
of ¢, determined from the G(V) curves. For both
titanium and chromium oxides, ¢, is about 4¢_,, but
in the case of calcium and copper oxides ¢, is close
to zero although ¢, must be greater than 1 eV. This
difference between ¢, and ¢, may be due to varia-
tions in the thickness of the added oxide which per-
mit the thinner regions to contribute a large tunnel-
ing current although the barrier remains high. The
surface roughness which must be assumed does
not contradict the evidence for uniform layers that
is discussed in the Appendix; furthermore, the fact
that copper oxide produces the lowest effective bar-
rier accords with the expectation that copper oxide
layers should be the most granular.

The barrier heights found using this model are
also compared in Table I with 3 of the energy gap of
the crystalline solids. The values of ¢, are con-
sistently somewhat larger than %Eg in the cases of
calcium, chromium, and titanium oxides. The re-
duction of ¢, below 3 E, is certainly the result of
image force corrections to the barrier. It does not
appear fruitful to include them in order to make a
more exact comparison because E, of the thin oxide



2 CONDUCTANCE CHANGES PRODUCED BY THE ...

is likely to be somewhat different from the crystal-
line-oxide energy gap. The energy gap of normally
prepared CuO may be estimated from the color
(black) and the activation energy for electrical con-
duction®” to be about 1 eV, but this energy gap may
not be that of a stoichiometric oxide. These mea-
surements suggest that the oxide which is formed
is CuO, since Cu,0O with a 2-eV energy gap would
have a different effect on the junction conductance,
and that amorphous stoichiometric CuO has a large
energy gap comparable to CaO.

2. Sharp Conductance Dip

The hypothesis that magnetic moments in the ox-
ide, or magnetic oxides, cause the sharp conduc-
tance dip must be rejectedsince (CrQO,)Ag and (CuO,)-
Ag junctions do not show such a dip. Whatever the
oxidation state of the chromium, it will at least be
paramagnetic and, as in the case of Cr;0;, it may be
antiferromagnetic. The copper oxide may be either
Cu,0 or CuO. Thermal oxidation at high tempera-
ture produces Cu,O when the copper is a thin film
on carbon.® In the strongly oxidizing plasma, CuO
may be the more stable form, as it is on the metal
at red-heat in oxygen; this is also suggested by the
behavior of (CuO)Ag junctions. If the oxide is CuO
and therefore paramagnetic, the flat G(V) curves
of (CuO,)Ag junctions refute the association of mag-
netic oxides with the conductance dip. If it is Cu,0,
on the other hand, neither the Cu* ions nor the mix-
ture of Cu and Cu* ions in (CuO,)Al junctions have
unpaired d electrons, and hence the paramagnetic
impurity argument cannot explain the sharp conduc-
tance dip of (CuO,)Al junctions. The data for titani-
um oxide are inconclusive because TiO, is not para-
magnetic while the (possibly) reduced oxide in (TiO,)
Al junctions is. The calculation of Solom and Zawa-
dowski, 8 which predicts a large conductance dip for
paramagnetic impurities located within two atomic
diameters of the electrode, should apply to both the
thin layers in (CrO,)Ag and (CuO,)Ag junctions and
to junctions containing unoxidized titanium, chro-
mium, and cobalt (Sec. IV), but none of them shows
this dip. The fact that the sharp conductance dip
in (CrO,)Al and other junctions becomes increas-
ingly deeper as the impurity-layer thickness in-
creases also indicates that the dip is not explained
by their calculation.

Christopher et al. 2 proposed that the sharp con-
ductance dip in junctions with thick magnetic ox-
ides could be due to a tunneling barrier only a few
tens of meV high. This model is not applicable to
barriers produced by a thin added layer because a
much larger height is required to explain the value
of the bias voltage at which the conductance curves
of doped and undoped junctions merge and the mag-
nitude of the zero-bias conductance reduction.

Graver and Zeller® have produced a sharp con-
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ductance dip by imbedding in a tunneling barrier
small metal particles which provide intermediate
states for tunneling. However, the addition of met-
al particles to a barrier while maintaining the same
total oxide thickness, as would occur if the alumi-
num electrode produced metal particles in the added
oxide layer, cannot substantially reduce the junc-
tion conductance. Hence, tunneling through inter-
mediate states of this sort cannot explain the ob-
servations.

The experimental results show that the aluminum
electrode must be modifying the properties of the
transition-metal oxides. The chemical stability of
these oxides located at the interface between the
Al,0O3 barrier and a silver or aluminum electrode
may be estimated by calculating the bulk free-en-
ergy changes AF which occur during the anticipated
reactions.® One finds that all the metal oxides are
stable next to silver electrode but that an aluminum
electrode may reduce titanium, chromium, and
copper oxides, with chromium oxide being the most
stable. Measurements of the conductance peak pro-
duced by TiO,, which are discussed in Sec. IV,
show that TiO; is reduced by the aluminum elec-
trode. We conclude that added layers of all the
oxides reducible by an aluminum electrode. as well
as slowly deposited partially oxidized layers of
transition-metal dopants, consist of an amorphous
mixture of O%7, the transition metal in various ox-
idation states, aluminum ions, and possibly some
aluminum.

The electrical properties of such an amorphous
nonstoichiometric layer are even more difficult to
understand than the properties of bulk amorphous
semiconductors. However, models of amorphous
semiconductors which suppose that it is mainly the
local bonding which determines the properties should
also be approximately correct for such very thin
layers. One such model, which applies to alloy
glasses, and which may therefore apply also to these
oxide layers as they have been described above, is
proposed by Cohen, Fritzsche, and Ovshinsky. *
They suggest a band model in which the forbidden
gap of a crystalline semiconductor is replaced by
a mobility gap. Within this gap there is a high den-
sity of localized states which decreases toward the
center. The Fermi level is located near the center
of the gap, and the high density of localized states
permits very little change of its position when a
metal electrode is placed against the alloy. The po-
tential barrier previously described (Fig. 9) is ap-
plicable to this model. However, when forward or
reverse bias is applied there is a possibility of tun-
neling to empty or from filled localized states within
the oxide, in addition to the normal tunneling through
the oxide. The energy distribution of the density of
localized states which is proposed®® enables this
additional tunneling current to contribute a rapidly
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increasing current as the junction is biased. Be-
cause these states are localized, the argument®
that densities of states are not reflected in the tun-
neling characteristic does not apply. The model
-thus explains the sharp zero-bias conductance dip
which is observed.
Titanium oxide layers of thickness greater than

20 A are likely to have a nonstoichiometric composi-
tion in the part of the layer adjacent to the Al,O4
‘barrier because titanium oxide grown on the metal
(like aluminum oxide grown on aluminum) produces
a thin layer which stops increasing at about this
thickness. Therefore, the conductance dip produced
by thicker titanium oxide layers covered by a silver
electrode can also be explained by this model. Al-
though the model was not expected to apply to ger-
manium, the results of tunneling into both thin and
thick®* layers of germanium can be explained in this

same way.
IV. CONDUCTANCE PEAK
A. Theory

Appelbaum’® has treated the effect of isolated mag-
netic impurities in the tunneling Hamiltonian formal-
ism. % The parts of the Hamiltonian which result
from electron spin-flip terms are included in the
perturbation 3¢’ and the transition rate is evaluated
up to third order in 3¢’. The junction conductance
in zero magnetic field is found to be

G(T,V)=G®+G® (T, V). (4)

With a slight modification to Appelbaum’s notation,
the second-order term is

G® = (ane®/mpp {T2 +N[2TT,+ T2 +SS + 1)T5]}, (5)

and the third-order term which determines the con-
ductance peak is

G®(T, V)= [16me?S(S + 1)/ pp’ NT2I F(eV). (6)

F(eV) must be numerically evaluated; however, it
was approximated by

F(eV)==-pln[(|eV| +nkT)/E,]. (n

T, T, and T; are the tunneling matrix elements for
electrons which do not interact with the paramag-
netic impurities, which have nonexchange interac-
tions, and which have exchange interactions, re-
spectively. J is the exchange coupling between the
conduction electrons and impurity of spin S. N is
the area density of impurities. p and p’ are the
densities of states of electrons in the two elec-
trodes, taken at the Fermi energies. The constant
n is equal to 1.35.% E,is an energy cutoff which
must be introduced because p, T,, and J are as-
sumed independent of energy — it could be deter-
mined if the energy dependences of these quantities

)

were known. Considering only p(€), Appelbaum
estimated Ey = 100 meV. This is at least five times
the experimental value and thus indicates a need
for theoretical consideration of the energy depen-
dences of T, and J as well.

It is apparent from Eq. (7) that this conductance
peak increases logarithmically with decreasing bias
voltage at zero temperature; the zero-bias magni-
tude of the conductance peak also increases loga-
rithmically with decreasing temperature. At a fi-
nite temperature T, the conductance peak increases
nearly logarithmically as the bias is decreased to
eV~nkT and then saturates.

A magnetic field applied to the junction reduces
G® when— A<eV<A (A=guyBis the Zeeman energy
of the impurity) and splits G into two conductance
peaks centered at eV =1+ A (a third peak which re-
mains at eV =0 is of negligible magnitude). How-
ever, examination of the equations which describe
G® and G® when a magnetic field is applied re-
veals that most of the change in the conductance
peak is due to the field dependence of G, if G®
is less than 40% of the T%term of G'®, as assumed
by Appelbaum.® Only if G®’ were equal to or greater
than G® could one expect to observe the predicted
splitting of the G peak, but the perturbation ex-
pansion would then be invalid. Shen and Rowell®
found that the entire magnetic field dependence of
their junctions could be explained using G 2 alone.

A more accurate representation of F(eV) than Eq.
(7) is%8

F(eV)=-pln{[(eV)?+nkT)?]"/3/E}. (8)

The best value of » in this equation is 1. 84. Either
approximation suffices to describe the tempera-
ture and voltage dependence of the junctions inves-
tigated by Shen and Rowell.® However, neither pre-
dicts the saturation of G(0) as the temperature is
lowered, which has been observed in junctions with
deliberately added chromium. 2 The observed con-
ductance peak AG(V, T') of such junctions can be
described by

AG(T, V)==Aln{[(eV)2+nkT)?+v*]/%/Es}, (9)

which contains the additional parameter y. This
equation will be used to parametrize the experi-
mental results.

B. Results

1. Temperature, Voltage, and Dopant Concentration
Dependence

It has already been seen that titanium and chro-
mium atoms added to tunnel junctions produce a
conductance peak.”!! 2 Since this conductance peak,
as well as the large conductance dip, is influenced
by the electrode material, various electrode ma-
terials were compared. In Table II the occurrence
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TABLE II. Occurrence and thickness dependence of
the conductance peak.

Dopant thickness

Dopant Electrode range for a con-
ductance peak

Ti Al 0.34 to >634
TiO, Al 0.54t0 54
Ti Ag 0.3Ato>634
TiO, Ag none
Cr Al 0.1to 34
Cr,03 Al none
Cr and CryO3 Ag, Cu, and In none
Co Al 0.5t0 84
CoO Al none
Co and CoO Ag none
Cu and CuO Al and Ag none

and dependence of the conductance peak on dopant
thickness are summarized; Table III gives the pa-
rameters #, y, and E,, which are used in Eq. (9)
to describe the temperature and voltage dependence
of the conductance peak that is produced.

The dependence of the conductance peak on dopant
thickness is shown explicitly in Fig. 10 for (Ti)Al
junctions. (Ti)Ag junctions have a conductance peak
with similar thickness dependence, but the values
of v are twice as large for corresponding thicknesses
of dopant. Curves showing the thickness depen-
dence of chromium-doped junction have already been
given. 12 The value of v in this case is independent
of thickness and more than twice as large as the
values found for junctions doped with 1 A or less of
titanium. Cobalt dopant produces a conductance
peak with a temperature dependence similar to that
produced by equal thicknesses of titanium; however,
the conductance peak is not present when more than
8 A of cobalt is deposited. No conductance peak is
produced by copper.

2. Magnetic Field Dependence

The effect of magnetic fields up to 150 kG on the
conductance peak was determined for some junctions
containing chromium and titanium dopants.3” A
typical family of curves is shown in Fig. 11 for a
titanium-doped junction. The data do not satisfac-
torily fit the expression obtained by Shen® for the
temperature-broadened G ® conductance reduction
predicted by Appelbaum because the measured
broadening is magnetic field dependent and the val-
ues of A(B) extrapolate to a large Zeeman energy
at zero field. Addition of the G®(B) term obtained
by Appelbaum would not change the fit appreciably.
Consequently, a different method of analyzing the
field dependence of the conductance peak, which was
suggested by Losee and Wolf, *® has been employed.
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TABLE III. Values of n, ¥, and E;, which describe
the conductance peak through the equation AG(V, T)
= —Aln{l(eV)? + ke T)? + V"]V?/E,}.

Sample Dopant

electrode thickness Y E,
Dopant  materials A) n (meV) (meV)
Ti Al 0.46 2.0 0.16 21
Ti Al 1.55 1.7 0.17 21
Ti Al 3.8 1.8 0.28 24
Ti Al 8.6 2.1 0.32 21
Ti Ag 1.02 1.4 0.15 13
Ti Ag 1.54 1.9 0.36 18
Ti Ag 2.3 1.9 0.44 19
Cr Al 0.35 2.1 0.42 19
Cr Al 0.50 2.4 0.33 22
Cr Al 0.75 2.1 0.32 20
Co Al 1.7 1.4 0.14 18
Co Al 2.5 1.6 0.18 20
Co Al 3.8 2.1 0.29 20

They predict for the G® term a field-dependent
broadening

T'=7(Jp)a (10)
and a measured gyromagnetic ratio
g=80- |2p|. (11)

Jp is the same product of exchange coupling and den-
sity of states which is incorporated in the Appelbaum
theory, g, is the ion g factor in the absence of ex-
change coupling, and A=gugzB. According to their
calculations, the G® term is so broadened and re-
duced in amplitude when the junction is in a magnetic
field of 50 kG or greater that it may be neglected.
The position of the peak of dG(V)/dV in high mag-
netic fields determines A and the half-width of this
peak determines I'.
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FIG. 10. Magnitude of the zero-bias conductance peak .

at 1.2 °K produced by titanium and titanium oxide covered
with an aluminum layer. In all cases, the ‘thickness” is
the value obtained from the bulk density of titanium.
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Both the analysis of Appelbaum and that of Losee
and Wolf assume that the magnetic impurities are
independent of one another. However, experimental
difficulties in determining dG(V)/dV for junctions
with a small conductance peak necessitated the use
of relatively large amounts of dopant to produce a
large effect. Even then the errors in determining
A and T were rather large because dG(V)/dV could
not be obtained electronically. In a (Cr)Al junction,
1.1 A of chromium had g=1.5+0. 15 while, deter-
mined from Eq. (9), Jp=0.4+0.06. In a (Ti)Al
junction, 2.3 A of titanium had g =1.2520. 13 and
Jp=0.4%0.06. Similar values of g and Jp were
found with junctions containing somewhat smaller
amounts of chromium or titanium, but the measure-
ment error was larger.

C. Discussion

Oxidation destroys the conductance peak in all
except (TiO,)Al junctions. Because TiO, has no
unpaired electron spins to produce an Appelbaum
conductance peak, we conclude that some of the TiO,
is reduced by the Al electrode, as was assumed in

Sec. IIIB 2. In every case, the first dopant atoms to
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FIG. 11. Central portion of the conductance peak pro-

duced by 2.3 A of titanium in a (Ti)Al junction at 1,3 °K.
The top curve was obtained at zero magnetic field and
the seven curves below it at the successively higher
fields indicated. The almost straight curve at the bottom
is the background conductance of this junction.
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arrive at the Al,O; barrier are ineffective in pro-
ducing a conductance peak. Because oxidation de-
stroys the conductance peak, it appears that these
first atoms react with excess oxygen left on the bar-
rier after oxidation of the aluminum electrode.

The disappearance of the conductance peak upon
oxidation, and the absence of a conductance peak in
(Cr)Ag and (Co)Ag junctions, imply that the dopant
can produce a conductance peak only when it is able
to easily exchange electrons with the adjacent elec-
trode. When unoxidized, the dopant will be bound
to the aluminum electrode by bonds which are at
least partially covalent®® and thus involve the con-
tinuous exchange of electrons between dopant and
electrode. But, when the dopant is oxidized, ap-
proximate charge neutrality at the interface re-
quires that the negatively charged oxygen ions re-
duce the number of electrons on metal atoms in the
vicinity — on dopant atoms primarily — thus reduc-
ing the number of valence electrons available for
exchange between dopant and electrode. Further-
more, transition- metal—-oxygen bonds are about
50% covalent, ** and this covalent bonding within the
oxidized dopant will further reduce the possibility
of electron exchange between dopant atoms and
electrode metal. The approximate monolayer of
H,0 (or possibly*! OH) chemisorbed on the dopant
before the electrode was deposited will be destroyed
when the aluminum electrode is evaporated, but
the chemisorption energy is too large for it to be
removed by the silver electrode.*? Thus the ab-
sence of a conductance peak in (Cr)Ag and (Co)Ag
junctions also leads to the conclusion that the dopant
must be able to exchange electrons easily with the
electrode to produce a conductance peak. The dis-
placement by the silver electrode of the water on
titanium dopant is somewhat puzzling since the
chemisorption energy is probably higher than in the
case of chromium or cobalt. ** However, it may
perhaps be explained by the easy reduction of Ti%*
to a mixture of lower oxidation states, which also
accounts for the large negative free-energy change
when TiO, is reduced by aluminum and the conse-
quent production of a conductance peak in (TiO,)Al
junctions. No surface studies adequate to substan-
tiate this suggestion are known.

It has been recently predicted®® that the dopant
must be within a few atomic radii of the electrode
to produce an appreciable conductance peak. The
calculation does not take into consideration the
atomic structure of the barrier and so cannot di-
rectly explain the effects of oxidation. However,
its basic prediction is that the density of electrode
electrons must be high at the position of the im-
purity, and the above discussion shows that this will
not be the case when the dopant is oxidized.

Magnetic ordering which prevents free exchange
of electron and impurity spin moments was pro-
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posedlz to explain the disappearance of the conduc-
tance peak produced by chromium when the dopant
layer was thicker than 3 A. The cobalt-dopant lay-
ers may be expected to order magnetically while
titanium layers will not. Thus the persistence of
the conductance peak with thick titanium layers and
its absence beyond a thickness of 6-8 A of cobalt
appear to confirm this explanation. The hypothesis
that magnetic ordering destroys the conductance
peak is substantiated by the thickness required for
the development of ferromagnetism in other thin
magnetic films. For example, it has been found
that films of iron become magnetically ordered upon
adding the third monolayer of iron, ** and that nickel
layeis become ferromagnetic at a thickness of about
3A.%

Analysis of the effect of high magnetic fields on
the conductance peak produced by titanium and
chromium gave Jp=0.4+0. 06 for both metals.

Since the g values of both elements are likely to
become almost 2.0 in a lattice, *® this value of Jp

is consistent with the values of Jp=0.38 +0. 07 for
titanium and Jp =0. 25+0. 08 for chromium which
are obtained from Eq. (11) by assuming g4=2. 0.
Similar values of Jp, although much larger than Jp
= 0.1 which is expected from data on the bulk Kondo
effect, must also be assumed to explain the reduc-
tion in g from 2 which has been observed by oth-
ers. 51147 A gaturation temperature may be obtained
from Jp by means of the equation?®

Ty~ Ege™/27° (12)

Below this temperature the strong coupling solution
for the electron-impurity system?®® is expected to
apply. The temperature obtained from this equa-
tion is about six times that of the experimental sat-
uration temperature (=y/nk) for chromium; how-
ever, the error is large because of the exponential
dependence on Jp and the result might be accepted
as an explanation of y in this case. Unfortunately,
the discrepancy is even larger for titanium, and in
other experiments® %" where no saturation was
observed. Furthermore, the experimental values
of Jp cannot be reconciled with the predicted mag-
nitude®® of the conductance peak in the strong cou-
pling limit. Thus it does not appear possible to
relate y and Jp by this calculation. The large val-
ues of Jp required by the magnetic field measure-
ments in this work and others %!*" remain puzzling,
not only because they are much larger than expected
from Kondo-effect measurements, but also because
they result in G® > G® and thus require a break-
down of the perturbation calculation.

V. CONCLUSION

Three types of zero-bias conductance effects are
produced by dopant layers in Al-Al,O3-M tunnel
junctions. The large sharp conductance dip, pre-
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viously attributed to magnetic scattering in the do-
pant, is explained by the electronic density of states
in the amorphous nonstoichiometric layer. A large
broad conductance reduction produced by well-ox-
idized dopant is apparently due to the tunneling bar-
rier which the dopant layer adds to the Al;O; bar-
rier. The small conductance peak discussed by
Appelbaum is found to occur only when the paramag-
netic dopant atoms are able to freely exchange elec-
trons with the adjacent electrode. The observed
saturation of the conductance peak with decreasing
temperature has been described by an empirical
constant which, however, cannot be related to the
measured exchange coupling by the strong coupling
theory.

ACKNOWLEDGMENTS

I wish to thank D. L. Losee and E. L. Wolf for
several valuable discussions about the theory of the
g shift as well as for the measurement of the high-
field conductance of some titanium- and chromium-
doped junctions. I would also like to thank W. J.
Brinkman for a discussion which clarified several
points in the Appelbaum and Brinkman- Appelbaum
calculations. I am particularly indebted to H.
Fritzsche who first suggested this problem, and
for his encouragement and guidance during its in-
vestigation.

The use of the facilities and the technical assis-
tance of the personnel of the Low Temperature
Laboratory and the Materials Preparation Labora-
tory of The James Franck Institute are gratefully
acknowledged. Equipment used in this work was
made available to The James Franck Institute of
The University of Chicago by an ARPA grant.

APPENDIX: CONTINUITY OF THE DEPOSIT

The observed large reductions of the junction
conductance at zero bias which are produced by thin
layer. of oxidized dopant imply a rather complete
and uniform coverage of the Al,O; barrier by the
deposited dopant metal. Any bare patches between
dopant clusters will add to the total junction con-
ductance a conductance equal to that of an undoped
junction of the same area. A layer of oxide (say
CrO,) reduces the conductance by a factor of 10 at
a thickness of 3.5 ;\, and by a factor of 100 at 6 A.
If the barrier were infinitely high, the fractional
coverages would have to be at least 0.9 and 0. 99
for these two thicknesses. Since some electrons
tunnel through the added layers, the actual cover-
age must be even more complete.

Independent evidence for these coverage factors
would be desirable, but no in sifu electron-micro-
scope studies of deposition onto Al,O; layers appear
to have been made. However, Neugebauer*® and
Gradman and Miiller?® deposited Ni onto glass at
room temperature and NiFe onto copper, respec-
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tively; they believe from both the magnetic proper-
ties and electron-microscope examination that films
a few monolayers thick are continuous, with little
or no island formation. Neugebauer’s conditions
are quite similar to deposition onto Al,O;, and the
similarity of cobalt to nickel suggests that it should
deposit in films with the same general structure.
Titanium deposited on mica at 500—600 °C forms a
continuous film at a thickness of less than 200 A. 5
At 25 °C one would, therefore, not expect apprecia-
ble clustering. Relatively thick films of chromium
have been examined by electron microscopy. 5! When
the substrate temperature was below 450 °C, a very
disordered structure was produced. This result
indicates that little migration occurs and hence that
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islands, if formed, remain only a few atoms in size.
Copper has been deposited on carbon in high vacu-
um and subjected to various heat treatments and
oxidation.? At an average thickness of 15 f&, the
copper and copper oxide cover less than % of the
total surface. However, the film was heated to
350 °C and oxidized in room air so there is some
doubt about the structure of the freshly deposited
film. General consideration of the nucleation of
films®2 also shows that calcium, titanium, chro-
mium, and cobalt should be quite immobile due to
their high affinity for oxygen and relatively high
melting temperatures, while copper is more likely
to form clusters.

*Research sponsored by the Air Force Office of Scien-
tific Research, Office of Aerospace Research, USAF,
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States Government is authorized to reproduce and dis-
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ing any copyright notation hereon.
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The electron-phonon contribution pe,(T, ¢) to the resistivity of an impure metal, or dilute
metal alloy, can be drastically different from that of the ideally pure metal, pgp(T), if, in the
region of the Fermi energy, the conduction-electron relaxation time 7¢(€) for impurity scat-
tering varies with energy € on a scale comparable to or less than the Debye energy %wp of

the metal.

This effect is a consequence of the sensitivity of the (inelastic) electron-phonon

resistivity to any energy-dependent component in the nonequilibrium electron-distribution

function.

We present a working formula for the effect and indicate several important con-

sequences for nontransitional metals containing magnetic or nonmagnetic transitional impur-

ities.

In the limit of small impurity concentrations c, the alloy and host electron-phonon re-

sistivities are connected to the electron-diffusion thermopower S(T, ¢) of the alloy via the
simple relation pp(T, ¢) = o3 (T) {1+ (wp/€ ) [S(T, ¢)/Sy(T)1?}, where S, denotes the “free-elec-
tron” thermopower. More generally, pe(7, c), and also oy, (T, ¢), the resistivity resulting
from impurity scattering, are expressed in terms of the first and second derivatives of 7, at
the Fermi energy €. The anomalous electron-phonon resistivity will cause sharp peaks to
appear in the atomic-resistivity temperature curves of very dilute magnetic-impurity systems
(e.g., CuFe, AuFe, AuMn). Experimentally, measurements of deviations from Matthiessen’s
rule should furnish useful information on the energy dependence of the electron-impurity scat-

tering.

I. INTRODUCTION AND SUMMARY

This paper is the first of a series of papers which
deals with the influence of a very energy-dependent
electron-impurity scattering cross section on the
electron-phonon contributions to the electronic
transport properties of an impure metal or dilute
metal alloy. It is devoted to a discussion of the
electrical resistivity.

Suppose a small concentration ¢ of metallic im-

purity atoms is dissolved in a pure metal. Let
pgp(T) denote the electron-phonon resistivity of the
pure metal at temperature T and

Tol€gs ¢, T)=Tol€p) ,

the conduction-electron relaxation time which en-
sues for elastic scattering from the impurity atoms.
We assume the presence of a single paramagnetic
conduction band in which the energy of an electron



