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ABSTRACT

The S-d exchange interaction between the conduction
electrons and the localized magnetic moments in dilute
maghetic alloys was shown by Kondo to explain the resisti-
vity minimum and its temperature dependence. The S-d
exchange tunneling version of the Kondo scattering has
been considered by Appelbaum and Zawadowski in order to
explain the zero bias anomalies 1n the tunneling conduc-
tance of metal-metal oxide-metal junctions doped with
magnetic impurities.

In this work the tunneling technique has been used
to explore some information about the Kondo problem.

This has been done by investigating the conductance
characteristics of Al-I-Al junctions doped with Fe and
Ni impurities. The dopant was introduced in a form of

a layer like distribution in the Al electrode. The
results show that, not only the impurities at the barrier
interface are effective in producing the conductance
anomaly, but also those located within a certain length
inside the metallic electrode. This effective length
can be associated with the Kondo coherence length of the
magnetic dopant in the non-magnetic host metal. The
results are explained in terms of Mezel and Zawadowskil

theory.



The first observation concerning the effect of the
impurity-impurity interaction on the conductance anomaly
was reported, and the results are compared with Gupta
and Upadahyaya predictions.

Al-I-Ni (or Fe) junctlons were prepared with the
intention of observing fine structure which could be
associated with the electron-magnon interactions or band
structure effects, however, no experimental evidence was

found for such predicted structure.
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CHAPTER 1

INTRODUCTION

1.1 Electron tunneling

In classical physics, a particle whose energy is
less than the height of a potential barrier can never
pass through, because the particle cannot be found 1in
a space region where its kinetic energy 1s negative.

On the basis of quantum mechanics, the particle beha-
viour is described in a probabllistic sense. Once 1t
is represented by a wavefunction, the particle has a
nonzero probability of penetrating through a classically
forbidden region. This tunneling process 1s one of the
simplest examples of a truly quantum mechanical pheno-
menon. The first application.of tunneling was made by
Oppenheimer (1928), 1in order to describé the autolioni-
zation of the excited states of atomic hydrogen in a
strong electric field. The effect of the field is to
distort the Coulomb potential wall, so that an electron
would see a finite barrier through which it could
tunnel. In fact Oppenheimer devised a simple time
dependent formalism, which in due time became the basis
of the transfer Hamiltonian method, Duke (1969). The

next and almost immediate application was the analysis



of a-decay from heavy nuclei. The electron emission
observed by Lilienfeld (1922) was explained by Fowler
and Nordheim (1928).

The possibility that a tunnel current may flow
between metals separated by an insulating layer was
first considered by Frenkel (1930), nevertheless, the
field of tunneling owes its present lively state to the
discovery of the p-n dilode by Esakil (1957), and tunnel-
ing through oxide layers by Fisher and Giaever (1961).
The immediate effect of Gilaever's work on the experi-
mental aspect of tunneling was the stimulation of a
sequence of measurements on both superconducting and
normal metal-insulator-normal metal junctions. The
early experiments led to the confirmation of the Bardeen-
Cooper-Schrieffer-gap (1957), and square-root singularity
in the electronic density of states of the weak coupling
superconductors, the fascination of the Josephson effect,
and the measurement of the details of electron-phonon
interaction. A second consequence of Giaever's work was
the development of a tunneling theory based on the trans-
fer Hamiltonian model, which accounted for the many-body
properties of the electrodes, Bardeen (1961). The
extension of the model to look after the many-body
effects in the barrier and normal electrodes is still

in progress, Appelbaum and Brinkman (1969).



The main objective of the present investigation
is the tunneling between two normal metal electrodes
separated by a thin (~20 2) insulating barrier. The
small size of the electron current in the junction is
a manifestation of the weak coupling between the two
electrodes. This coupling depends on the nature of the
wavefunction in the barrier region. It is difficult,
however, to treat the wavefunction in the barrier
properly, because even weak lnteractions in the bulk
have a nonperturbative effect on the electron wavefunc-
tion. We will first consider the interaction between
the conduction electrons and the magnetic impurities,
which introduces a rapid conductance change at the zero
bias voltage, commonly called zero bias‘anomalies; and
second, interactions which introduce conductance changes
at higher bilas voltages.

Essentially, there are two kinds of zero bias
anomalies in the dynamical conductance characteristics
of a metal-metal oxide-metal junction. The first one
which was discovered by Wyatt (1964) on Ta-I-Al junction,
consisted of a conductance peak at zero bias not greater
than 10 % and typlcally of a few m.V. wide.. It was
analyzed in terms of a logarithmic singularity in the
electron density of states, of Ta, around the Fermi

energy. The second anomaly was discovered by Rowell and



Shen (1966), and it revealed a broad minimum in the
conductance at zero voltage, having a width of the
order of 100 m.V. The conductance reduction at zero
bias is about 100 %. This anomaly is known as "a giant
resistance anomaly".

Following Anderson's (1966) suggestion that the
conductance peak anomaly 1s due to impurity states 1n
the barrier, Appelbaum (1966) considered a model based
on the Kondo interaction between the conduction elec-
trons and magnetic impurity spins. The theory predicts
the Zeeman splitting of the conductance peak in a mag-
netic field. The Zeeman splitting was observed by Shen
and Rowell (1968). However both types of zero bilas
anomalies can be produced by doping the junction with
the same magnetic dopant by only changing its amount.
This strengthened the idea that the giant anomaly also
has a magnetic origin. Sélyom and Zawadowskl (1968)
introduced a theory based on the influence of the
electron impurity spin interactions on the electron
dispersion relation, and hence, the tunneling conduc-
tance. They predict a large conductance reduction which
varies with the position of the impurity in the metallic
electrode. A Kondo coherence length, which could be
determined from electron tunneling measurements, has

been introduced by Mezei and Zawadowski (1971). The



different. modely off the zero bias anomaliesn are consi-
dered in Chaplep 2.

Structures at higher bias voltage due fo the
interaction of the tunneling electron with different
excitations in the barrier and the electrodes had been
observed in different tunnel Junctions, Duke (1969).
Jackloevie and Lambe (1966) interpreted their measure-
ment ol step discontinuitios in the conductance as caused

by Lhe exeitation ol vibronic states of adoorbed water
molecules in the Junction. AL lower voltages, Rowell

el al (1969) and Adler (L969), observed the excitations
of vibrations of the oxide itself, which could be regarded
as oxlide phonons or vibrations of the oxide molecules.
They also observed the characteristic phonon energies
for the bulk normal Pb between 5 and 9 m.v. 7The effect
of" the clectron-magnon interaction on the tunneling
characteristics was investiprated by Appclbaum and Brink-
man (1L969). 'Phoe possibility of mapnon excitation in Lhe
barricr wan discussed by Duke ot ai (L9GY) . vuriteturoe
in Nix()y has been observed by Adler and Chen (1971),

and fdentificd by Toul of o1l (1971). wWyatt, (1970) pre-
dieted that the spin band structure of Ji Shouid be
ref'leceted in the zero biag conductance peak anomaly in
the prescence of g marnetic field. A beaut iful tunneling
teehnique as o new method ffor Lnvestiput Ingr spin depen-

dent states in mapnetic mateorials won introduced by



Tedrow et al (1971). Therefore, a common trend of most
of the recent work, is towards the development of
tunneling as a spectroscoplc tool for probing the

elementary and collective excitatlon spectra of solids.

1.2 Motivatlion of this work

With the knowledge that the zero bilas anomaliles
are due to the interaction between the conduction
electrons and non-interacting magnetic impurities at
the barrier-metal interface of a tunnel junction; the
questions arising are:

1) What is the effect of the interaction between the
magnetic impurities on the conductance anomalies?

2) What 1s the effect of a magnetic impurity .layer
inside the metallic electrode on the conductance charac-
teristilces?

To shed some light on these questions, we prepared
Al-I-Al junctions doped with Ni and Fe impurity layers
at the barrier interface and inside the Al counter
electrodes. The tunneling conductance anomalies of
these junctlions can provide information about the
dependence of the electron density of states, of the
doped electrode, on the position measured from the
magnetic impurity layer and the effect of interacting

magnetic impurlties on the conductance anomalies.



Al-I-(Ni or Fe) Jjunctlions were prepared with the
intention of observing fine structure which could be
assocliated with the magnon characteristic frequencies,
and band structure effects on the tunneling conductance
behaviour.

The experimental methods used in this work are
introduced in Chapter 3. In Chapter 4, the experi;
mental results are discussed in terms of the existing

theories, and the conclusion is contained in Chapter 5.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 KXondo problem and tunneling anomalies

It has been confirmed experimentally that there
is a one to one correspondence between the existence
of the resistivity minimum and the locallzed magnetic
moments in the dilute magnetic alloys. The correla-
tion between the locallized spins does not have an
important role in the appearance of this phenomenon,
but is a result of adding contribution from each spin.
This led Kondo (1964) to assume that the resistance
minimum is a direct consequence of the interaction
between the spins of the localized and conduction
electrons. The S-d model, which is due to Zener (1951),
Kasuya (1956), and Yosida (1957), for a system of
localized spins and conduction electrons was proposed
to describe the phenomena. No assumptlons concerning
the band structure or the crystal symmetries of the host
metals, nor the characteristics of the d-level, such as
its location relative to the Ferml surface or the number
of the d-electrons, has been introduced.

The perturbing Hamiltonian H' 1s given by

H' = - 2J§o‘g s (2.1)



where J 1is the exchange coupling energy, and % and o
represent the spin of the locallzed magnetic moment
and the conduction electron, respectively.

| The transition probabillity per unit time from the
initial state a to the final state b is given to the

second Born approximation by

W(a-b) = &Lqm! w o+ I (H

'H' H' + C.C.)/(e_-€ )}
c#a a ¢

ac cb ba

x 8(e =€) (2.2)
Assuming all the possible ways by which an electron
k+ scattered off the Impurity to ﬁ; or ﬁ% , the tran-

sition probabllity is found to be
- 2 2
W = [67TJ°S(S+1)C/3AN [N+4Jg(€§)]6(aﬁ - sﬁ,) s

o
where gle) = g —a_ (2.3)
qQ

ea -€
fa is the Fermi distribution function for the electron
witn energy ea, N is the total number of atoms in the
crystal and C is the concentration of the impurity
atoms. g(e) 1s the function which describes the log

T dependence of the resistivity 1n the dilute magnetic
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alloys, provided that J < O.* g(e) is also the same
function which describes the log T dependence of the
zero bias tunneling conductance anomaly.

The perturbation technique is not valid in the
case of strong coupling or at low temperatures.
Theoretical arguments, by Nagoaka (1965), show that
a new physical state should be formed below a tempera-
ture Tk , the Kondo temperature, between the conduction-
electron spin and the localized spin. The situation
seems to be quite similar to the case of superconducti-
vity, in which the perturbation treatment breaks down
at the transition temperature Tc' Assoclated with Tk
is a characteristic energy A, around the Ferml surface,
over which the conduction electron spins are polarized
by the impurity. The relation between A(T = 0°K) and Ty

was found to be

Ty = 1.14 A, s (2.4)

* Coles (1964) observed a new type of temperature
resistivity anomaly in alloys of Rh and Fe. Instead

of having a minimum, the resistivity decreases more
rapidly towards low temperatures. This phenomena could

be explained in terms of Kondo theory if J is positilve.
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Ao » like the superconducting energy gap, could be
expressed in terms of a cut off energy D (of the order
of the conduction electron band width), and the density
of the conduction electrons p, as well as the strength

of the exchange 1lnteraction J, i.e.

A, =D e-N/IJ'p . (2.5)

A, 1s of the order of 2.5 x10~% e.V., and T, ~ 3°K ,

k
when D = 5 e.V. and |J|p/N = 0.1 are used in (2.5).

The cloud of spin polarization around the impurity
atom is extended over a Kondo coherence length gA, simi-

lar to the superconducting coherence length, and is

given by

_'p -1 4
£y = 4+ = (ep/A) kg~ ~ 10" R, (2.6)

where v , eF'and kp are the velocity, the energy and
the wave vector at the Fermi surface. Equations (2.4),
(2.5) and (2.6) reveal the similarity between the
superconducting state and the correlated state between
the conduction-electron spin and the localized spin
below Tk' The quasi-bound state however appears gra-
dually rather than suddenly at Tk‘

Magnetlc states localized near the interface of

a tunnel junction may have an exchange coupling to the

conduction electron in the electrode comparable in
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magnitude to the coupling present in a dilute magnetic
alloys. Appelbaum (1966), and Anderson (1966), have
shown that Kondo scattering attenuated by the barrier
transmission factor can transfer electrons across the
barrier, an asslsted tunneling process which contributes
to the measurable current j. On the other hand S6lyom
and Zawadowski (1968) and Mezei and Zawadowskil (1971),
using different approaches found that the Kondo cohe-
rence length is reflected in the tunneling characterlis-
tics of junctlions doped with magnetic impurities. The
different approaches to the theorg of zero bilas anomaliles
will be discussed in the following sections.

2.2 The S-d Exchange Model of Zero Bias Anomaly

(a) The Temperature and Energy Dependence

Consider a tunnel junction A-I-B, with magnetic
impuritlies located close to electrode A. These impu-
rities could be represented by non-interacting localized
states with the bulk of their amplitudes in the barrier
where the Coulomb self interaction cannot be screened
off by the metallic electrons. A schematic diagram of
the system is shown in fig. (2.1). As noted by Anderson
(1966), the localized states ¢d act as a bridge between

the exponentially tailing wavefunctions ¢a and ¢b of



Fig. 2.1

Schematic representing A-I-B tunnel junction
doped with a magnetic impurity. The localized states
¢d strongly overlaps the wave function ¢A s Wweak

interaction with ¢B leads to exchange tunneling events.

13






the conduction electrons of the opposite sides of the
junction, thus effectively decreasing the size of the
barrier for those electrons which tunnel across the
barrier by meané of the localized states. As the
coupling between the electrodes varies exponentlially
with the barrier thickness, a decrease of the
effective thickness by a few angstromscan make the
tunneling assisted by the impurities larger than
tunneling due to direct overlap of the conduction
electron states between sides A and B, even 1f the
impurity concentration is low.

The Kondo exchange interaction (equation 2.1)

can be written as:

t +
o= -3 ) [Sz(a£+aﬁ.+- ag_ap,_) + S+(aK_aK.+)
> o
k

k!

+ S™(af,ap,_)) | (2.7)
where (a&, aﬁ) and (b% ,bﬁ) are the creation and anni-
hilation operators for an electron of wave vector Kk,
in metals A and B respectively, and Si are the raising
and lowering operators for the z-projection of the
localized spin operator S. HJ describes an electron

in metal A, which can be scattered off the impurilty

and stays in metal A. An electron in metal A(B)



scattered off the impurity to metal B(A) and attenuated

by the barrier, can be described by an exchange tunnel-

Ty T
. H could be obtalned from equa-

ing interaction H
tion (2.7) by replacing a+ by b+ to get one term and

a by b to get the other term, i.e.,

T t t
J
H® =-T; [*Z* {8, (bp,ag,, ~bp_ag,_ ) +S (bi _afy)
k,k!
t t

+ s (bk-i- fro) * 8, (agbgy - ag bpe)
t t

+ st (ag_bp.,) + s (ap,bp_)}] (2.8)

Here TJ is smaller than J by a factor of the order of
the barrier attenuation e-xt , where x 1is the decay
constant and t the barrier thickness. The tunneling

Hamiltonlan is:

T 4T
' =89 + HY +H 2 , (2.9)

T+T
where H @& 15 the elastic and inelastic part in which

no spin exchange takes place.
The tunneling current j(eV) for a single impurity

is calculated from the following expression

15



jeV) = e & PM[JZJ WiJ f(ei){l - f(ej'+ evV)} -

- 1§j WJi f(eJ + eV){1l - f(ei)}] s (2.10)
where wij is given by equation (2.2), and Py is the
probability of a localized spin projection M. Follow-
ing analysis similar to that of Kondo (1964), Appelbaum
(1967) found that

W(z) « T2

(3) 2
13 T s Wt eTpd o s

J

and additional nonexchange terms a(T+Ta)2. The first
two terms correspond respectively to spin-flip, and
anomalous third order Kondo scattering across the
barrier. The tunneling conductance 1in 2zero magnetic

field for C impurities is given by

a(r,v) = 62 + a3 o,

where

(2) _ Mwez

2
G = —g PpPB

a

(72 + C{27T, + T * s(s+1)T§}] . (2.11)

The third order term which determines the conductance
peak for antiferromagnetic interaction (J < 0) between
the localized spins and the conduction electrons 1s

given by

16
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G(3) = -16ne28(S+l,)/‘n PaAPR CJT? F(eV) ,

Flo) = + j gle) 2L (e-w) e . (2.12)

The function g(e) 1s defined by equatlons (2.3) above.
The function F(eV) can be numerically evaluated, however

it was approximated by

(2.13)

|ev] + nk T
F(eV) = - py 1n [ % ]
_ o
Eo is a cut off energy, which has been introduced
because the parameters p, TJ and J are assumed lndependent
of energy. The constant n is found to be 1.35. The
function F(eV), and hence the conductance peak, increases
logarithmically with decreaslng biés voltage at zero tem-
perature, and with decreasing temperature at zero blas
voltage. At V = nKBT , the conductance saturates as eV
decreases.
The following assumptlons have been introduced in
the above calculations.
1) The density of states p(e) 1s constant, removed
from the intégrals within which it appears, and replaced
by their values at the Ferml energy ep , p(eF). This
has been justified by the fact that only electrons

within few millivolts of €p ON either side of the
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junction take part in the tunneling for bilas voltages

of interest.

2) The contribution to the current from each loca-
1ized state 1s additive. This is valid if one can
neglect the spin-spin interaction among the localized
spins. Appelbaum argued that the presence of a short .
mean free path at the barrier interface should have

the effect of weakenlng the long range spin-spin inter-
action, therefore making the independent impurlty
assumption valid at even relatively higher concentration.

These assumptions will be questioned in later discussion.

(b) The Conductance Peak Anomaly in a Magnetic Field

The Tg term in G(2) is strongly aifected by a
magnetic fleld. If the tunneling electron of energy
eV about the Fermi level flips the spin of the impurity,
it must exchange Zeeman energy 2 = guBH necessary to
leave the impurity 1in an excited state. Now for eV<z
and T - 0 , Gé%) + 0 , if all the tunneling-electrons
spin flip. This is to be expected on general physical
grounds; for with the spins in theilr ground state
(% » ») an electron at energy eV on side A would have
to tunnel into an energy state (eV-2) on side B 1f it
underwent a spin flip. This process is forbidden by

the exclusion principle at T =0 and eV < z. This
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argument 1s not restricted to second order processes

and is true to all orders in H'. However as discussed

by Appelbaum and Kondo only S/S(S+l) of the electrons

spin flip; the remainder exchange spin with the impurity
in a virtual intermediate state with zero net change of
the spin of the electron as it tunnels from metal A to
metal B. Shen and Rowell (1968) had presented a sim-
plified picture of the Appelbaum model at T = 0, in the
absence and presence of a magnetic field as clearly
illustrated in figs. (2.2a,b). A more complete expression

for G(2) at finite temperature is given by Shen as

(2)oc 2 <M> z +eV z-eV
G T5 pApB[S(S+l)+ 5 {h( KBT + h( KBT )13, (2.14)
2x X
where h(x) = - 1+e = 22 S ,
(1 - &%)

and <M> is the average magnetization of the spins.
Therefore G(2) is voltage and temperature dependent in
the presence of a magnetic field, and constant in zero

magnetic field.

2.3 Strong Coupling Limit

The previous theory does not explain the giant
resistance peak anomaly observed in Cr junctions by

Rowell and Shen (1966). It became essential to resort



Fig. 2.2

(a) Schematic diagrams of the different processes that
contribute to the theoretical conductance of the
Appelbaum model.

(b) The process of Fig. 2.2a in the presence of a mag-

netic field, after Shen and Rowell (1968).
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to more powerful methods to account for the strong
coupling regime which occurs in a tunnel junction with

a large exchange coupling energy J, and consequently high
Kondo temperature. Assuming one single impurity; the

Hamiltonian of the system

H=H, +H +H, + Hy + H , (2.15)

1 2 3

has the followlng meaning:

HO is the energy of the metallic electrons.

Hl represents the usual tunneling through the barrier
without spin flip, and is proportional to T.

H., corresponds to impurity-assisted nonmagnetic tunneling

2
and is proportional to Ta'

H. describes the tunneling with spin flip (non local part

3
of the exchange interaction) and 1s proportional to TJ.
HM describes the scattering off the impurity of an elec-
tron in the electrode back to the electrode and is
proportional to J.

The currént which proceeds through the localized
states 1s calculated by neglecting Hl’ and by assuming

H, + HM to be a small perturbation. Using a self con-

2
sistent solution of the Kondo effect given by Nagaoka
(1965) and a generalization of a method employed for
superconducting tunneling by Ambergaokar and Baratoff
(1963), Appelbaum et al (1967) found that in the weak

coupling limit the conductance gw.c. is given by
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w.c. = w.c. WCCC
g const. ganom. 4
W.C. _ _W.C. W.C.
€anom.- Banom.1l * &anom.2 ’
gV = 121eT2p,p,(Tp,) F(eV) | (2.16)
anom.l JYAYB A 4 °
Banom. 2" '6“362T§°A°B(J°A)3 F(ev)
where F(eV)= of (wteV) | of (w!) ln|w-w'|dwdw'
W w' D J

and D is the electron band width of order 5 eV. The
two terms of 8an have identical voltage and tempera-

ture dependence, because the sign 1is different,

g:ﬁgé | vyields a conductance peak for J< O , while
ganor o yields a conductance peak for J>0. In the

strong coupling regime

S.C. _ ~S.C. S.C.
Gl = Gl + G2 ’
) (2.17)
2 T 2 '
S.C. be
G (eV) = PP
A)
and
gS:C:(ev) = HneZTZp ) (eV)2 (2.18)
3 .
2 a"A¥B (eV)2+ A2

for J < O.
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The relative importance of the various terms which
contribute to the current depend on the relative size

of Ta’ T ., and J; parameters which are difficult to

J
determine. In tunnel junctions where TJ terms are

important, the conductance peak varies 1initially as

D ; S.C.
in EVTTQET and saturates to the value given by G1 (0)
for Kg T, eV < A. If T_ terms are important the con-
lev] + kgT
ductance dip varies as 1n [ ) ] and eventually

goes to zero at T and V » 0. According to Appelbaum,
the giant resistance anomaly could be explained when the

Ta terms are important.

2.4 Interface Effect on the Conductance Characteristics.

Appelbaum and Brinkman (1970), assuming a single
impurity near a sharp metal-barrier interface, studied
the effect of the interaction between spins of the
localized and conduction electrons on the tunneling
conductance characteristics as a function of the im-
purity position. The tunnel junction shown in fig.(2.3a)
has been decomposed into the left and right hand side
problems. An expression for the current similar to that
of Zawadowski (1967) has been derived by Appelbaum and
Brinkman (1969); however, the approximation procedure
is different and leads to qualitfatively different results.

It was found that the largest contribution to the
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Fig. 2.3

(a) A tunnel barrier of height U doped with a single
impurity at Zo’

(b) G(g) as a function of the impurity position.

(c) The coefficient of the log as a function of the
impurity position, after Appelbaum and Brinkman
(1970).
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conductance change, AG which comes from G(z) and G(3)

'terms, is sensitive to the position of the impurity
relative to the interface. The G(z) term 1s an oscil-
lating function of position, on the scale of l/kf , when
the impurity exists in the electrode, and of one sign
when it is in the barrier. This i1s shown in fig. (2.3b).

The third crder term G(3) which accounts for the
zero blas conductance anomal& has the oscillating beha=
viour shown in fig. (2.3c¢).

A different theory which reflects the change 1ln
the conductance as a function of impurity position has
been introduced by Mezei and Zawadowskl (1971), and will

be discussed later.

2.5 Interacting Magnetic Impurities

Gupta and Upadhyaya (1971) introduced a theoretli-
cal study of a tunnel junction containing interacting
paramagnetic impurities. The current was calculated
for one palr of'impurities coupled by an interaction W.
The density of palrs was assumed to be low enough such
that the correlation between them could be neglected.
The interaction W may be due to Ruderman-Kittel-KaSuya—
Yosida (RKKY) interactlion between the impurities via
the conduction electrons, direct interaction, or in-

direct exchange interaction. Following the tunneling
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Hamiltonian approach by Cohen et al (1962), they found

G(z), has a tempera-

that the second order contribution,
ture and bias dependence in zero magnetic field. 1In

the case of an antiferromagnetic interaction, the maxima
of G(3) occur at slightly different bilasing voltages and
temperatures when compared to the case of non-interacting

impurities. The results of their calculations is shown

in fig., (2.4).

2.6 The Normalized Electron Density of States

The main argument agalnst the existence of a new
assisted tunneling process, as pointed out by Mezel and
Zawadowskil (1971), could be the local behaviour of the
exchange interaction in space in which case there 1s
no new channel for tunneling. This corresponds to
retaining in the tunneling Hamiltonlian, equa-
tion (2.15), only the local terms H,, H,, H,, Hﬁ and
dropping H3. Appelbaum (1967) argued that the nonlocal
behaviour arises from the fact that the distinction
between an electron from the left and right hand side
necessarily breaks down 1in the Junétion, which has the
effect of further breaking the local nature of the
exchange interaction.

In this section we will consider a different

approach which leads to different results. This new
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Pig. 2.4

(a) G(2) versus bias voltage at 1.6°K.
(b) G(2) versus temperature at zero bias.
(e) G(3) versus bias voltape at 1.6°k.

(a) G(3) versus temperature at zero bias.

Curves 1, 2, 3, 4 and 5 correspond to W = 0, 10-4,

1 )

- - =1
2x10 7, =10 and -2 x10 ' ev, respectively, after

Gupta and Upadhyaya (1971).
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approach reflects the importance of the change of the
electron energy spectrum in the barrier due to the
Interaction between the localized Impurity excitations
and the conduction electrons. The change in the energy
spectrum will affect the amplitudes of electrons pene-
trating the barrier, and as a result the overlap of the
wavefunctions of the left and right hand side electrons
will be modified. This effect could be looked after by
an energy dependent tunneling matrix element or a local
density of states variation at the barrier.

Sélyom and Zawadowski showed that the current can

be written as:
J = prpB{fB - f,} de

an expression which has been used in the case of super-
conducting tunneling with the difference that pa(aEA,B)
represents the local density of states. The bulk

density of states p 1s related to the local one through

a renormalization function Z, such that

pa = Zp .

The function Z is obtained in terms of the life time of
the conduction electrons. In the case of an S-4 exchange
interaction between paramagnetic impurities and conduction

electrons, and taking into account the Kondo effect, the



29

life time of the electrons is very sensitive to the
energy of the electrons relative to the Fermi energy.
This energy dependence leads to the anomalous I-v
characteristics of diodes containing magnetic impu-
rities.

The local density of states as found by the
authors, is also a function of the position of the
impuritics. An essential change in the current occurs,
for impurity atoms situated on the metal oxide inter-
face or in the next atomic layer. Because of the
exponentially decreasing wavefunctions of the electrons
in the barrier, the impurities located deeply inside
the barrier give no contribution to the anomaly. In-
vestigating the effect of the impurities in the metal,
the concept of Kondo coherence length £ was introduced
as shown in fig. (2.5). Impurities within & measured
from the barrier interface have an effect on the life
time which is proportional to the impurity concentration.
Therefore the electron density of states can be diminished
by incrcasing the amount of evaporated impurities. This
behaviour does not hold for arbitrary thicknesses or
distributions of impurities; for example, in the uspecial
case when the impurities are homogeneously distributed
in the metal electrode, the density of states is found

to be the same as that of the pure metal.



(a)

(b)
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Fig. 2.5

A-TI-B junction with magnetic impurities within
the coherence length E.

The depression of the electron density of states
within the coherence length, after Sélyom and
Zawadowski (1968).
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It is indeed interesting to show that the present
theory predicts a decrease of the local density of
states compared with the unrenormaiized one as a con-
sequence of the effect of the paramagnetic impurities.
Consequently, the tunneling current decreases in con-
trast with the Appelbaum tunneling Hamiltonian method,
which gives a tunneling current contribution originating
from the impurity assisted tunneling.

The calculation wés based on a generalization of
Bardeen's tunneling theory, (1961), (1962), to account
for the many body interactions. The Green's function
technique of the particular problem consisting of the
solution of the left and right hand side problems was
introduced by Zawadowskl (1967), to describe the tunnel-
ing current. The expression for the local density of

states 1s found to be

o, (k|| E) = Z(E)p = £ . (2.19)
1
1+ mp 2T_(k(| E)

T is a quantity of relaxation time type and 1s defined
in terms of the imaginary part of the self energy opera-

tor averaged over the position of the impurities, i.e.
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- i -
2ty k) »E jw=Etic;a

3
and

j; N 1) = 3 >y v >
Lo : w;a(kl"v, V= Id Xd>]'{||’\);°‘(x) zw(X)q’kll’v';c‘(x

_ 1 o = o _
- Jax ey w0 T 00 I (8,
(2.20)

where La denotes the thickness of the metal. The matrix
element is taken between eigenfunction states satisfy-
ing the Schrddinger's equation:

o2
X > _
(- 5 * V(X3 o = €0 Paya -

¢ (i) could be written as:
As0

->
ikll X

e fa (X) ’

& = K5V

® L
Ao a
o
where fkll v(x) is the longitudinal component of the
s :
wavefunction, and Qa is the volume of metal on side o.

The function fk éx) is independent of v for x in the

|»
barrier and is given by

1klx
fkll’v(X) ~ e R x e I
2

with k = [2m(V + ELL E )];5
L m m  F .
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If the impurities are in the barrier, the self energy
is independent of the quantum number v and could be

written as:

7 o= f|f°°(x);2 7 (x)ax =f|f°‘(x)|‘2 J(x)e(x)dx ,
w30

where c(x) 1s the impurity concentration, and Z(x) is
the self energy at the barrier due to a single impurity.
The lbcal nature of self enérgy is satisfied if the
exchange interaction between the impurity and the con-
duction electron is described by the Kondo Hamiltonian
which spreads over one atomic distance. As shown by
Sdlyom and Zawadowski, the contribution of an Impurity
to the matrix element (2.20) is very sensitive to its
position relative to the barrier interface, and the
matrix elements are important only if they are taken
between states in an energy interval AE, around the Fermi
surface, where the largest contribution to the Kondo

scatfering occurs. The coherence length ¢ is given by

z = nVF/AE s

where Ve 1s the Fermi velocity. It is estimated to be
80 A° for AE = 20 meV. '
Finally, a set of coupled equations has been

_obtained and should be solved in a self consistent



manner for all cases where Z(E) < 0.8 at some energy E.
However, the self consistent solution is not feasible
due to the fact that no analytic form of the scattering
amplitude is available for an energy dependent density

off states.

2.7 The Tunneling Conductance and the Renormalization

Function.

Let us assume that T = 0, the impurities are on
one side of the barrier, and the bulk density of states
of the metals are constants on the two sides of the
barrier. Then the expresslon for the current 1s

ev
I(V) = pypep z, (E) DE .
0

The dynamical conductance and resistance are defined as

G(V) = J& = 2,(eV) ;3 R(V) = G7H(V) = z71(ev) .

This 1is a good approximation at finite temperature
provided that KBT << eV, and the variation of Z(E)
is small in intervals of KBT s 1.e,

dz

ﬁ T << Z(eV)

K
E=ey B
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For the calculation of Z, we need to know the
scattering amplitude. The typlical ones which are known
in the literature are :

1) Abrikosov type (1965). The imaginary self energy

due to one impurity is

E (R) 2
Im ) (R) =% J 5(5+1) -ﬂl-ﬁy[(log —o "y o+ 21,

iw=Etie |E|+nKBT

where X2 = S(S+l)n2/4. The scattering amplitude has a

maximum at iEo corresponding to the resonant scattering

= N/2Jp
Eo = Ec e

2) Suhl-Wong type (1967). There exists a maximum in

the scattering amplitude with energy comparable with

KBT.
3) Nagaoka type (1965). A quasi bound state is formed
and Im ) is given by
iw=Etie
2
- 1 A
Im z = + . .
iw=Etie m(R) 524 g2

Using the Abrikosov scattering amplitude and considering

the impurities as located in the metal yields

Z(E)= {1+2% 125(s+1) N—itl ( ®o )2+ 21_1 (2.21)
y " v oloe(ETmer) XY . (2
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where Ny = Ic(R)[f(R5]2 dR , N is the surface density of

atoms, and y is a parameter of the order of unity. If we

introduce the following parameters,

t = KBT/Eo s
€ = eV/Eo s
2_ 1 ﬂ2 N

= 1 -3
a®= T = S(s+1) N,

expression (2.21) becomes

logz(nt+e) + x2

2 2

5 <1 . (2.21")
log“(nt+e) + x°+ a

Z(E) =

In the case of ferromagnetic coupling, J>0 , the energy
dependence of Z(E) is very small with small relative
amplitude. The minimum of Z(E) > 0.9 for reasonable
values of the parameters in equation (2.21'). In the
case of antiferromagnetic coupling, J< 0, 1t is found

that

lim Z(E) = 1im Z(E) = 1 at t =0,
E~+O E-+e

and the minimum of Z(E) ,

2
Z(E) = —§—K——— occurs at E = E_ .,

min. X~ + a2 ’ ©

The larger the constant a2, the higher the impurity
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concentration, and the deeper the minimum. The charac-
teristics of 9=l for different t are shown in fig.(2.6a).
The resistivity maximum is then a result of the
depression of the density of electron states around the
Fermi energy. If the depression 1is large, the change
in the energy spectrum of the electrons can be expected
to cause an essential modification of the scattering
amplitude also. In that case, a self consistent solution
is needed. A crude approximation which may illustrate
the consequences of self consistency could be arrived at
by assuming that the renormalization function is weakly
energy dependent. In this case the density of states
occurring in the scattering amplitude at energy E could
be replaced by the renormalization density of states

taken at the same energy, 1.e.

- -N/2JpZ(E)
EO = Ec e

The above equation then indicates that the energy of the
maximum E_ 1s energy dependent. In fig. (2.6b), the
renormalization function versus energy shows the self
consistency effect. Note that EO is shifted towards
zero, and only the maximum of the amplitude can be seen.
For such high reduction in the conductance i.e. Z(E)<<1,

the resistance R(V) is found to be

21J]e

R(V) « - =%

log eV/Eo .



(a)

(b)
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Fig. 2.6

R(V)/ROE 271 versus reduced bias voltage V, at
different reduced temperature t.

Z versus E (dashed line), and the effect of self
consistency on the energy at the minimum (solid

line), after Sélyom and Zawadowski (1968).
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and the results are not sensitive to the type of the
scattering amplitude. However, the authors argued
that it is still possible to distinguish between the
scattering amplitudes on the basls of the height of
the maximum. For example, the Nagoaka type of inter-
action gives

1 Ny
Max. R(V)/R(V=w) = = _2L 4 1,
Y Ns

while the Abrikosov type gives

Max. R(V)/R(V=w) = i% Nl + 1,
X S

which is larger than the above expression.

2.8 The Anomalies and Kondo Coherence Length

The effect of the paramagnetic impurity layer on
the electron density of states of the host metal has
been introduced in the previous sections in its connec-
tion with the zero bias tunneling anomalies. The
result is that the electron density of states may be
depressed by the resonant electron-paramagnetic Impurity
scattering in the viecinity of the impurity. Alternate-
ly, the phenomena can be viewed as a strong destructive
interference between the incoming and outgoing waves.

In this section, we will discuss the Kondo coherence
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length in more detail. As mentioned before, the
electrcn spin polarization is damped out beyond a
coherence length &, = 10u A°, Nagoaka (1965). Some
other investigators have shown that the electron
polarization consists of an oscillating part and a
non-oscillating part. The latter has two ranges.

The short range falls off beyond a cut off energva,
reflecting the band structure, and 1s characterized

by &p ~ E%ﬁ of the order of one atomic distance, where

a is the lattice constant. The long range has the

asymptotic form -r~3 5(S+1) log-2

r/EA, where r 1s the
distance measured from the impurity. Sélyom and Zawa-
dowski (1968) pointed out that the cut off energy,which
gives the coherence length, could be determined from

the exchange coupling which is momentum dependent.

This dependence may be stronger than the energy depen-
dence of the bulk electron density of states. If one
assumes that the range of energy A over which Jkk'
changes is such that A << D, then gA >> gD' The spatial
structure of the electron density of states 1s indepen-
dent of the conduction-electron-paramagnetic scattering
amplitude as found by Miller-Hartmann (1969). Therefore
Mezel and Zawadowski (1971) assumed that the spatial
structure 1is associated with the Jkk‘ momentum dependence.
Their mathematical model is based on the basic assumption

of the Kondo Hamiltonlan which is given by
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H = HO - Hl R 1
where H_ = % S (2.22)
H, = - Y (Jp>,/N) al 3 ap,, S
1 N Kk ' Ko “oB °Kk'B J
k,k'
Jﬁﬁ, could be expressed in terms of Legendre Polynomials

Pz in the following way:

L

) ==JEK' = (22+l)Jsz(coseﬁﬁ)F(k)F(k') , (2.23)

KK
where the angular momentum of the scattered state has

the value %, ekk. is the angle between the incoming

and outgoing electrons, and Jl is a coupling constant.
The dependence on the absolute values of momenta is given
by F(k)F(k'). The cut off function F(k) was assumed to
have a peak at momentum ko corresponding to an energy €.,

and can be represented by the simple analytic function,

2
F(k) = 5 A 5 s
AT + (g - so)

where A is the energy domain over which Jkk' varies.
The change in the electron density of states, Ap due
to the impurity, can be described by an energy depen-—
dent scattering amplitude tl(w—id), and a position
dependent function f(r) characterized by a coherence

length EA. Ap was found to be
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= =2¢ 5 r,4=0

=0 H r =0, L #0
Be 2 L

= c(kor) [cos 2(kor"7T)"1] 5 2,(9,+1)/ko<<r<<gA

_ -2 -r/EA 1 "2r/EA .

| = —c(kor) [e -5e 1 ; 2(2+1)/k0<<r Ea

(2.2h)

where ¢ = 2%;; np2 Im[tz(w-is)], and r 1s measured rela-

tive to the position of the impurity atom. In the long
range limit r >> gA’ a term corresponding to Freldel
oscillations exists.

Equations (2.24) show that the change in the elec-
tron density of states has different features in the
short and long range limits which are separated at
distance corresponding to the coherence length EA'

In the short range region, the change is always negative.
The amplitude of the depression has its maximum at the
impurity site or at one atomic distance, depending on the
type of scattering. With increasing distance, the change
spreads over a distance which is determined by the cohe-
rence length, as shown in fig. (2.7a).

Mezei and Zawadowskl (1971) extended their theory
to the case of an ilmpurity layer, where the effects
become pronounced and can be observed by electron tun=

neling measurements. The impurities must be displaced
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Fig. 2.7

The relative change Ap/p in the electron
density of states due to (a) a single impurity,
(b) an impurity layer as a function of r/gA {(taken
from Mezel and Zawadowski (1971)).-
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in one of the electrodes in a layer parallel to the junc-
tlon surface at a distance r from the barrier interface.
If r is less than EA’ the tunneling conductance charac-
teristics will be anomalous. 1In their calculations the
authors found that the smtial dependence of Ap is similar
to that of single impurity except for the lack of the

r=2 factor, i.e.

Ao _ G(r,0) - g{o)
P afo)

r~Ey s
where G(O) i1s the conductance of the pure Junction.
Fig. (2.7b) shows Ap/p vs r/&;A at different energies
w/A. Therefore it 1s possible to determine the coherence
length and to get information on the momentum dependence
of the exchange coupling, by considering the functional
form (2.25).
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CHAPTER 3

EXPERIMENTAL METHODS

A large variety of methods for depositing thin
solid films at rates ranging from a fraction of an
angstrom per second to lO6 Ao/sec. have been utilized
and discussed in the literature, Holland (1963), and
Chopra (1969). Several of these methods, notably thermal
evaporation and sputtering, permit automatic monitoring
and controlling of the rate of deposition and film thick-
ness. The fact that the properties of the film and its
structure depend on various deposition parameters Will
be considered in this section. In the rest of‘this
chapter we will dlscuss the tunnel junction preparation,

£ilm thickness measurements, and the production of low

temperatures.

3.1 General Consideration.
Interactions between deposition parameters.

The main parameters which are responslble for the
film properties are the evaporant material (M), the
deposition rate (V), the film thickness (t), the residual
gas pressure in the vacuum system (P), and the substrate
(8). All of these parameters interact with one another

to a conslderable extent. For example, the substrate
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might be characterized by its temperature, its material
and surface condition, 1ts absorption of or reaction
with various components of the residuél gases at thelr
respective partlal pressures, and i1ts interface proper-
ties with respect to the evaporated material. Taking
into account all the interactions possible between the
parameters M; A, t, P and S listed above would therefore
result in a great quantity of parameters which would be
difficult to survey. Because of these interactions, even
at similar thicknesses, fllms of very different physical
characteristics can be obtalned.

Generally the process of film formation is a diffu-
sion controlled process which can be divided 1into four
main stages, Uyeda (1942), Levinsteln (1949), Poppa (1967).
(a) Nucleation and growth of nuclel.

(b) Coalescence of grains.

(e¢) Formation of islands and channel systems.

(a) Formation of continuous and uniform layers.
Investigations, performed mainly on indium by P6cza (1967),
show that there are two kinds of coalescence; b(l) the
shape of coalesced grains does not change up to a certain
size, beyond whilch the grains flatten and the built in
grain boundaries are observed; b(2) the influence of the
residual gases (P) might impede the growth of the grains

in each of the above stages, and due to the nucleatlon
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on the coating covering the surface of the grains, the
growth stages of the vacuum deposited film begin all
over again.

The effect of the substrate temperature on the
electrical resistance behaviour during the coalescence
stage of Ag films evaporated atla rate of 1 to 5 Ao/sec.
on glass is shown in fig. (3.la), after Chopra (1966),
(1968). The temperature dependence of the critical
thickness tc at which electrical continuity is attained
is shown in fig. (3.1b). These curves show the sharpness
of the coalescence transition from a discontinuous to an
electrically continuous structure. Both the width of the
transition and the critical thickness tc increase with
substrate temperature. Higﬁer mobility and hence higher
agglomeration Is obtained for films of low melting
materials an smooth and inert substrates. The high
surface mobility deposits of Ag and Au condensed on
pyrex glass slides at 25°C become electrically continuous
at an average thickness of about 50 A°. On the other
hand films of W, Ta, Ge, Si and various metal oxides
deposited on several substrates at 25°C reach continuity
at an average thickness of several angstroms. Any pro-
cess bringing about an increase in the initial nucleation
density and hence lesser agglomerations results in
electrical continuity at a smaller thickness. For

example, using pre-nucleation centers such as Bi203 or
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Fig. 3.1

(a) The resistance as a function of the film
thickness at different substrate temperatures.
(b) ‘I'ne temperature dependence of the eritical thick-

ness tc (7©) (taken from Chopra (1966), (1968)).
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S10 on glass increases the nucleation density of Au
films, and thus the films attain electrical continuity
at 20 A° as compared with 60 A° on clean glass. This
method is useful for obtaining ultrathin continuous
films. Al films, have been reported to be electrically
continuous at 15 A° thick, Vrba and Woods (1971). The
continuity of the Al films between 20 A° and 100 A° is
important in the analysis of the tunneling conductance

characteristics to be presented in Chapter by,

3.2 Junction Preparation

The methods of junctions preparation which were
adopted in this work had the following primary objec~
tives.
(1) Fabrication of the Jjunction entirely in the con-
trolled environment of a vacuum chamber, so that the
junctionswould be reproducible from sample to sample
and the composition of the barriers would be unmodified by
the contaminants of laboratory ailr.
(11) Control and determination of different film thick-
nesses 1n the different junctions.
(iii) An identical barrier oxide for a set of junctions
to facilitate the comparison of their characteristics.

The types of junctions used 1n thils work are the

following:



50

(1) Al-Al -Al1 doped with N1 or Fe impurilties

203
at different distancesr from the barrier interface.
The location of the impurities r varies between 0
and 150 A°.
(2) Al—A12O3-Ni (or Fe).
(3) Fe-Fe,0,-M, where M is Al, Sn, Pb or Fe counter
electrodes.

The Al films were evaporated from tungsten
baskets using Al wires of 99.999 % purity. Ni and
Fe dopant and films were evaporated using bare filla-
ments made of Ni strips and Fe wire of 99.99 % purity.

A typical junction preparation proceeded in the
following manner:
A base Al film about 1000 A® thick was evaporated and
oxidized in a glow discharge [Miles and Smith (19631,
of 0.1 torr. of oxygen, for a time between 5 and 15
minutes,to obtain a junction resistance between 50 and
150 ohms. The high voltage electrode was adjusted to
provide 1 m.a. of ionization current. Six Al films of
different thicknesses (r) were deposited at a rate of
2 A®/sec. in order to obtain an electrically continuous
film at small thickness. Immedlately after that a Ni
or Fe impurity layer was deposited, which was followed

by a thick Al film to complete the junction. The

dynamic resistances of the six junctlons at a bilas
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voltage of 250 m.V. were almost the same, an indicatlon
that the A1203 parrier is uniform, and that Ni does not
change the junction resistance. For comparison, one of
the jgnctions was not subjected to the magnetic impurity
atoms.
Thermal oxidation has peen also used to grow

Fe 0y barrier, Tomashov (1966), and A1203 in case of

an Fe counter electrode. The mass equivalent thickness
of the deposited films was estimated from exposure times
and crystal thickness monitor readings which will be

discussed in the following section.

3.3 Thickness Measurement

Thickness is one of the most significant film
parameters. It may be measured either by in situ
monitoring of the rate of deposition, or after the
f£ilm is taken out of the depositlon chamber. Tech-
niques of the first type, often referred to as
"monitor" methods, generally allow both monitoring
and controlling of the deposition rate and £ilm thick-
ness. Several reviews of the subject have appeared in
the literature, Behrndt (1966) and Steckelmacher (1966).
A sensitive method is based on measuring changes 1in the
resonant frequency of quartz crystal oscillator with

mass loading when operated in a particular mode of
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vibration. A quartz crystal monitor for monitoring

and controlling the rates of both the deposition and
the evaporation of metals, nonmetals, and multicomponent
films has become universally accepted and is at present
the only most important monitor for thin film technology.
The use of a quartz crystal as a thin film monitor was
first proposed by Sauerbrey (1959), who made an exten-
sive investigation of the various parameters of the
monitor. The monitor utilizes the thickness shear mode
of a piezoelectric crystal. A 35° 20' quartz, called
the AT cut, is generally dsed because of its low tem-

6 between =20 and +60°C)

perature coefficient (%5 x 10~
for the'resonant frequency. The standard method of
operating an AT cut crystal is by perpendicular excita-
tion using metal electrodes. The crystal then vibrates
as shown in fig. (3.2a), so that most of the shear
action takes place in the crystal interior, and most

of the mass dlsplacement occurs at or near the crystal
surface. Adding a thin, uniform layer of any material

to one surface of the crystal 1s therefore equivalent

to increasing the crystal thickness (d) by an amount

m
_m_ , (3.1)
qu

8d =

where m/A is the area density of the deposit, and Pq
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is the volume density of quartz. Since the fundamental
frequency of the crystal 1s related to its thickness

by

f.2d = ¢ = 3340 m/sec , A (3.2)

the frequency shift &f due to deposited material 1is

given by
§f£ = - .gi . 5 , (3.3)

provided 6f < 0.01 f.

Warner and Stockbridge (1963), ahd others, have
found by independent mass determinations that this
last expression gives a correct (1l %) description of
the monitor behaviour even if the crystal is masked
and lightly damped at 1ts periphery in order to make
electrical, thermal, and mechanical contact.

If the crystal monitor results are combined with
fi1lm thickness measurements obtained with a Tolansky
interferometer, it is possible to determine the average
film density. Hartman (1965) found that Al films
attain 80 % of bulk density at t = 250 Ao, and 97 %
of bulk density at t>1000 A®°. Hartman has found Al
film densities to be somewhat variable while Au films

attain bulk density even when thin.
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Table (3.1) shows results obtained for Al, Ni and
Fe during the course of the work reported here. The
uncertainties given are of interferometric and geometric

origin

Table (3.1). The density ratio pfilm/pbulk calculated
from the single crystal monitor readlngs and the optical

measurements.

Material ‘Thickness ?insitipratig
(A°) film’ Pbulk
Al 1200 0.90 + 5 %
1500 1.04
1800 0.80
Ni 1200 1.10 + 10 %
Fe 300 0.93 t 10 %
1200 0.90 + 10 %

Low film densities are generally attributed to
volds in the film since electron diffraction patterns
reveal the bulk lattice spacing for the crystallites
of the film. Film thicknesses quoted in the remainder
of thils work will be mass equivalent thicknesses

relative to films about 1 K A° thick.



(a)

(b)

(e)

Fig. 3.2

The oscillation of the single crystal; most of

the mass displacement occurs at the crystal
surface.

The circult diagram of the single crystal monitor
used in the present work. The integrated circuilt
1s Motorola MC 1024P.

Single crystal holder; very light springs are used

to provide electrical contacts with the crystals.
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The circuit diagram of the single crystal monitor
used in this work is shown in fig. (3.2b). The crystals
are mounted in a water cooled copper jacket, and a silver
coating was used to provide electrical contact with the
crystal. Contact to the’coating is secured by light
spring clips as shown in fig. (3.2c¢). The outputs
of the oscillators are connected to the inputs of a
counter timer device (Monsanto, model 100A), which could
measure the frequencies fl and f2 of the oscillators, or,
with a small modification,the ratio f‘l/f‘2 as a function
of the deposition time. The frequency fl is constant
at about 5 M Hz/sec. while f2 changes as a function of

the deposited metal on the surface of the crystal.

3.4 Production of Low Temperatures

The experimental arrangement used 1n thils work is
shown in fig. (3.3). The letters denote the following:
(P) is the pumping chamber and is provided with a needle
valve (a) to allow the desired amount of liquid nitro-
gen or liquid helium inside. A stainless steel tube (b),
provided with the thermal shield (h), connects (P) to
a diffusion pump. By pumping over the liquid helium,

a temperature of 1°K could be maintained. A regulating
valve to control the preséure above the helium changes
the temperature between 1 and 4,2°K. Elevated tempera-

tures up to 70°K could be maintained using an electronic



Fig. 3.3

The cryostat arrangement for the production of

low temperatures.
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controller which senses the resistance of a 220 8 speer
carbon resistor (d). (S) is the sample chamber, whilch
contains the sample holder (e) and the germanium thermo-
meter (g). The vacuum chamber (v) 1s connected to a
diffusion pump. A pressure of 5><10"'7 torr. is needed
to shield the sample chamber from the liquid helium

bath (t). The cryostat was designed to fit in the core
of a 20 K.G. superconducting magnet (M). Indium 0 ring
(o) plus apieson grease # N were used for vacuum seal-
ing. The grease makes 1t possible to separate the cans
from their caps without damage of the indium rings, and
it is possible to use the seals 4 or 5 times before they
have to be repaired.

For temperature measurements the germanium thermo-
meter # 904 was calibrated ﬁy Dr. Rogers between 1°K and
60°K, and by Dr. Woods betweenbu.ZoK and 12°K. The bridge
used for the measurement of the resistance of the

germanium thermometer Wwas designed by Dr. Rogers.

3.5 Conductance Measurements

The dynamical conductance and 1ts voltage deriva-
tive dG/dv are measured as a function of the bias
voltage v at different temperatures. The conductance
bridge used for this purpose 1s described by Rogers

(1970). In a typical measurement, the junction was



59

cooled to 1°K, which is the limit of the pumping system.
Superconducting energy gap traces ﬁere recorded to
confirm that tunneling was the dominant transport me-
chanism in the junction. Any metallic bridges in the
oxlde barrier would lead to serious structure in the
gap region. A magnetic field parallel to the junction
films was applied and increased until the conductance
versus voltage plot showed no evidence of the super-
conducting state. With the electrodes in their normal
state, the bridge was balanced at a suitable bilas
voltage. The off balance signal of the bridge is
proportional to the conductance change in the junctlon
produced by varylng the bias, fhe temperature, or
higher magnetic filelds, and 1s plotted by the x-y

recorder with the required sensitivity.
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSIONS

4.1 Small Conductance Peak

The typical conductance versus voltage charac-
teristics of an Al-I-Al junctilon doped with a small
amount of Ni impurities at the barrier interface, is
shoﬁn in fig. (4.1). The total conductance G can be

written as
G = GO + AG ,

where Go is the temperature independent background
conductance, and AG is the 4 % conductance peak
anomaly around the zero bias. The observation of a
conductance peak anomaly due to magnetic impurities
at the barrier interface was important to justify the
basic assumption given by Anderson (1966), that the
localized magnetic impurity states are the origin of

the phenomena.

a) Temperature and Voltage Dependence

The conductance versus bias voltage, at different
temperatures,is shown in fig. (4.2). It was pointed out
py Wyatt (1964), that the conductance at zero bias

depends on temperature as - In T and that the voltage



Fig. 4.1

The conductance versus voltage at 80 K (dashed
1ine) and 4.2 K (solid line) of an Al-I-Al junction

doped with Ni impurities at the barrier interface.
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Fig. 4.2

AG versus V at different temperatures.

02



-1 ™M
-1 N
—
>
o) *
£
—
>
17
- N
]
-1 ™M
[}
]

(s4tun ‘q4o) IDINVLONANOD



dependence of the excess anomalous conductance above

the background was (for eV >> KBT) also logarithmic.

This excess conductancé is identified with the G(3)

term discussed before. A plot of the voltage dependence
of G(3)(V) at 2.1°K and the temperature dependence of
G(3)(O) is shown in fig. (4.3). The voltage depen-
dence drops below a linear logarithmic plot at low
voltage because of KBT smearing. The temperature de-
pendence should fit on the voltage dependence for

eV >> KBT i1f n in the expression

e$3) ¢ 1p [lev] + nkgT)/E ] = FleV) ,

is unity. From the displacement of the temperature points
we found that n = 1.5 % 0.1, and Eo = 5 m.V. Shen and
Rowell (1967) found that n = 1.35 * 0.15 for Ta-I-Al and
Sn-I-Sn junctions. Nielsen (1969) found that n should be
10 at T = 0.36°K, and at higher temperatures a different
value should be chosen. A more accurate representation

of F(eV) was introduced by Wolf and Losee (1970), where

|eV|2 + (nKBT)2 %

F(eV) = =p 1n 5 R

E
o

with a best value of n = 1.84. Numerical calculations
by Appelbaum gives n = 1.35, where the earlier phenomeno-

logical model used by Wyatt (1964) gives n = 1.1.



Fig. 4.3

The dependence of AG on bias voltage (open

circles) and AG(V=0) on temperatures (solid points).
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b) Magnetic Field Dependence

It is difficult to regard the above results as a
critical test of the Appelbaum theory. Zawadowski
(1968), using a different approach, arrived at the
same energy and temperature dependence, however with a
conductance peak for ferromagnetic interaction (J>0)
between the conduction electron and the localized
magnetic impurity states. A critical test of the theory
is possible if one investigates the prediction made by
Appelbaum for the effect of a large magnetic field at
very low temperatures on tunnel Junctionsdoped with a
low enough impurity concentration to meet the conditions
of the theory. Due to experimental limltations and
difficulties it was not possible at this stage to carry
out the experiment under these optimum conditions.
However, the results available to us will give some
information on the magnetic behaviour of Al-I-Al junc-
tions doped with Ni impurities. As explained before
the second order transition probability, ng),produces
a conductance G(2)(V,H) corresponding to the spin flip
process, which becomes inelastic in the presence of a
magnetic field. The tunneling electron must supply the
excitation energy guBI{ to the impurity'spin. Thus
one expects a well in the G(2) term. The G(3) term,

which includes the Xondo-Appelbaum integral function,

shows splitting as well with two peaks located at tguBH.
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Experimental results at 1.5 - 1.7°K of a Jjunction
doped with Ni impurities in the presence of the magnetic
field*is shown in fig. (4.4). The effect of the field
is first to reduce the height of the peak as if the tem-~
perature was being increased. At 30 KG, a dip in the
conductance starts to appear. The magnitude of the dip
increases by increasing the magnetic field and starts to
saturate at reiatively higher fields as explained by
Appelbaum.

The effect Of'KéT smearing is serious in this ex-
periment. For example, if € =1 and H = 45 KG, then
gugH = 0.26 m.V.; and if the smearing h of the tunnel-
ing characteristics is 3.5 kgT, then at 1.5°K, h=0.13
m.V., which smears the conductance well to a dip. Wolf
and Losee (1970) found that the expression (2.14),
obtained by Shen for the temperature broadened conduc-
tance well,is not applicable for their data. 1In their
study of Schottky barrier anomalies at 1.3°K and 150 KaG,
they found that an extension of Appelbaum's theory to
include the magnetic field-induced 1ife time broadening
substantially improved the agreement with the experimen-
tal conductance line shape at higher fields. They
predict for the G(2) term a field dependent broadening
r = n(Jp)zz, and a measured gyromagnetic ratio g =

g, - 2|Jp|, where J and p are the exchange coupling and

*
I wish to acknowledge the use of Dr. Woods*high field

solenoid.



Fig. 4.4

AG versus V characteristlics in the presence
of a magnetic field H. Curves a, b, ¢, d, e and f

correspond to H = 0, 20, 38, 55, 60, and 66KG;T = 1.7°K.
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density incorporated in Appelbaum theory, and 8, is the
ion g-factor in zero magnetic fileld. According to thelr
calculations, the amplitude of the G(3) term is reduced
in magnetic fields > 50 KG and could be neglected, 1i.e.
the magnetic field quenches the Kondo scattering. The
value of z and T could be determined from the location
and the half width of the peak of dG/dV in high magnetic
fields. The magnetic field avallable to us at the time
of the experiment did not exceed 60 KG. In this field,
one could still observe the field broadening effect on
the peaks located at the Zeeman energies, fig. (4.4).
Experimental difficulties in the determination of
dG(V)/dV necessitated large conductance peaks due to
relatively small amounts of dopant. It was not possible
to produce such junctions with Ni impurities. Even then
the errors in the values 2 and T will be rather large
because dG(V)/dV could not be measured electronically
with high accuracy. It 1s clearly impossible to extract
unambiguous exchange parameters from fig. (4.4). How-
ever the g-factor, determined from the estimation of

the peak separation versus magnetic field, was found

to be 2.0 * 0.2.

¢) Concentration Dependence

The tunneling conductance versus voltage charac-

teristics, at 4.2°K, of Al-I-Al junctions doped with
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different amounts of Ni impurities at the oxlde interface
are shown in fig. (4.5). The results indlcate that,

(a) - The conductance peak increases first with the
impurity concentration and then decreases at higher!
concentration; (b) - The background conductance increases
rather rapidly, and at relatively high concentration the
conductance peak is superimposed on a resistivity maximum
at zero bias. This behaviour has been observed in many
othzr junctions. As far as (a) is concerned Nielsen
(1970) found a reduction of the conductance peak upon
inereasing the amount of Cr dopant from 0.1 to 5 A° and
its absence beyond a thickness of 6 to 8 A° of cobalt; the
thickness range for the conductance peak of Ti dopant

is between 0.3 A® and 63 A®. He attributed this beha-
viour to the interaction between the impurities which
minimizes the free exchange of electrons and impurity
spin moments. However, the correlation between the
impurity spins is not the only mechanism which leads to
the decrease of the conductance peak anomaly. Appelbaum
(1970) found theoretically that the conductance anomaly
due to a single impurity is a function of its position
relative to the barrier interface, and could be written
as

eVl + nk,T
()

Ag

where Eo is a cut off energy, A(R) is large and positive



Fig. 4.5

G versus V for an Al-I-Al junctions doped
approximately with (a) 1 AO; (b) 2 Ao; (¢) 3 A%;
(d) 5 A°; and (e) T A° of Ni impurities at the

barrier interface.
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when the impurity lies in the barrier, zero when it 1s
at the interface and oscillates when 1t is located in
the metal. In the case of random distribution, the
conductance at zero bias will depend on the effective
position of the impurities. Therefore one expects to
observe a conductance dip at a high enough concentration
of impurities deposited on the A1203 interface. This
behaviour is not reflected in our results. The conduc-
tance peak still exists at about 10 A° impurity layer
thickness,which is large enough to move the effective
position of the impurities from the barrier to the
electrode. Neugebauer (1959) found that Ni layers
become ferromagnetic at a thickness of 3 A°. It seems
then possible to associate the small decrease of the
conductance peak anomaly upon increasing the Ni dopant
with a weak qorrelation between the magnetic impurities.
As far as (b) is concerned, the behaviour of the
conductance versus bias voltage for heavily doped
junctions could be explained by the strong coupling
theories. There are two theories for the tunneling
electrons strongly coupled to the magnetic moments.
Sé1lyom and Zawadowskl (1968) showed that the resistance
versus bias voltage behaves similar to the reciprocal
1ife time of the scattered electrons as a function of

energy. Using Abrikosov's solution for the scattering
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amplitude, the resistance exhibits a peak at a finite
voltage EO > KBT, and the effect of increasing impurity
concentration is to shift Eo towards the zero bias.

They had also shown that the background conductance 1is
slightly temperature dependent. This 1s in qualitative
agreement with our results, fig. (4.5). However their
theory does not include the spin flip process, and
therefore is not adequate to explain the observed Zeeman
splitting. Appelbaum et al (1967) predicted a small
conductance peak if the spin flip process is dominant

and a large resistance peak if the non-magnetic assisted
tuhneling process is important. However,the two anomalies
have the same energy range, and therefore are mutually
exclusive. Our results show that the two anomalies could
be produced simultaneously, and could not be explained

by a single theory. This means that the assisted tunnel-
ing process and the reduction in the electron density

of states should be treated simultaneously. Using a
Green's function decoupling technique Appelbaum showed
the possibility of such a treatment. Mezel and Zawadowski,
however, indicated that if both phenomena are present,
they will produce an interference cross term which yields
an asymmetric contribution to the resistance anomaly
while the experimental results show fairly symmetrical

R(V) characteristics. Therefore one of the phenomena
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should be neglected. The alternative explanation
offered by the authors is that the impurities in the
barrier will affect the electron density of states to
produce a conductance peak and those in the metal will
be responslible for the resistance peak. 1In order to
test this argument the effect of an impurity layer
introduced inside the metallic electrode should be
investigated. This effect is discussed in Sec. 4.3.

We believe that the strong coupling theories are
not at present practically reliable, and they have not
worked out in the presence of a magnetic field. Our
experimental results show, however, that less than a mono-
layer of Ni impurities at the barrier interface can produce
a conductance peak anomaly which could be fairly

explained by Appelbaum theory.

4.2 Tunneling Results with Interacting Magnetic Impurities

Fig. (4.6) shows typical results of the conductance
characteristics of Al1-I-Al Junctions doped with three
different concentrations of Fe impurities. In contrast
with Ni results, a very small amount of Fe (less than one
monolayer) produces a conductance peak at zero bias;
curve (a). The peak disappears at 1 A° of Fe,
and a small conductance dip starts to show up, curve (b).

A large conductance reduction (resistance peak anomaly)



Figure 4.6

Conductance versus voltage for Al-I-Al junctions
doped with Fe impurities. Doping is approximately (a)
0.5 A°; (b) 1 A°; (c) 1.5 A°.
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is observed at 1.5 A® thick. This overall conductance
behaviour has been observed before 1in some other junc-
tions by Mezei (1967), and Lythall and Wyatt (1968).
Nielsen (1970) found that the first few evaporated
layers of Cr impurities on the top of an Al203 barrier
were not able to produce a conductance peak. The Cr
was partially oxidizéd by the excess oxygen at the
interface of the barrier. The oxidatlon state can
prevent the free exchange of conduction electron and
impurity spin moments. This has been confirmed experi-
mentally when a large conductance reduction due to a
magnetic oxide was observed and attributed to the for-

mation of an additional barrier at the barrier interface.

The bias range of this reduction was given by
VO = (d+t)¢/t

where t and 4 are the thicknesses of the A1203 and the
added magnetic oxide barrier, and ¢ is the height of the
added barrier. The conductance characteristics of the
undoped junction should be retained at bias voltages

V> V,. If one associates 30 m.V. for the barrier
height of FexOy as obtained from the work of Isin et al
(1968), and uses 20 A° for the A1203 thickness, then one
should observe the pure junction characteristics at

40 m.V. This is not the case in our results. We ob-

served a conductance peak at low concentration, and an
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anomaly which 1is even stronger than that of Al-I-Fe
junctions. Therefore one could assume that the tunnel-
ing anomalies are due to magnetic Fe impurities rather
than a magnetic oxide.

Abrikosov and Gorokov (1961) studied the effect
of the magnetic impurities on the superconducting
state. They found out that the S-d exchange scat-
tering makes the life time of the Cooper pairs finite
in contrast to the ordinary potentlal scattering where
the life time remains infinite. Due to this depairing
effect, the critical temperature Tc decreases. The
finite life time of the palrs causes an energy spread
proportional to the inverse life time and thus broadens
the BCS density of states curve. The pair breaking
effect on the superconducting density of states and the
transition temperature of the Al electrode is shown in
fig. (4.7). This illustrates that the S-d interaction
is the origin of the zero blas anomalies observed in
the normal tunneling characteristics.

The conductance peak versus bilas voltage at
different temperatures is shown in fig. (4.8). At
4.2°K a broad conductance peak located at a bilas voltage
slightly different from zero was observed. An additional
narrow peak (~1 m.V.) is formed at 2°K and starts to

split at 1.52°K.



Fig. 4.7

Superconducting energy gap results for junctions

(a), (b) and (c) of fig. L.6.
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Fig. 4.8

G versus V characteristics for junction (a)

of fig. 4.6 at different temperatures.
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Appelbaum and Brinkman (1969) studied the effect
of electron-magnon interaction on the conductance
characteristics of simple metal-oxide-transition metal
junctions. They found that an additional peak in the
conductance should be formed with a width of about one
tenth of the maximum magnon frequency. This peak could
also split at low enough temperature and zero magnetic
field due to magnon creation. In the case of Ni counter
electrodesthe peak should occur between 2 and 5 m.V.
The additional peak, shown in fig. (4.6), cannot be
associated with the magnon renormalization effect on
the conductance characteristics since the impurities
are less than one monolayer thick and the peak disappears
upon increasing the Fe concentration.

Gupta and Upadahyaya (1971) extended the S-d
Appelbaum model to account for the effect of the weak
interaction between the impurities on the conductance
peak anomaly. They found that the conductance peak
could even have Zeeman splitting in the absence of an
applied magnetic field due to the magnetic impurity
correlation. Results at 1°K and in the presence of a
magnetic field (to quench the superconductivity, fig.
(4.9a,a')) seem to assist this ldea. The effect of the
field is to reduce the magnitude of the additional con-

ductance peak and slightly affect its splitting.



Fig. 4.9

Magnetic field results for Junctions (a), (b)
of fig. 4.6.
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Similar results have been observed with intermediate
impurity concentration, curve (b), but the dip becomes
stronger and wider as one expects for closer impurities.
To our knowledge the magnetic field effect on a con-
ductance dip has not been reported in the literature
except in a lightly doped p-n junction.

It would appear then that the interactions between
the magnetic impurities in a barrier become important
at surprisingly low impurity concentrations, and that
they may be a contributing factor to the zero bias con-
ductance dip which is often obtained with higher impurity
concentration. This is the first observation of the
interacting magnetic impurity effect on the tunneling
conductance anomaly. Other work, using Fe as a dopant,
has been reported by Christopher et al (1968); they did
not observe a conductance peak at impurity concentrations
of less than a monolayer. Their junction, however, was
different in that the oxide barrier was grown thermally
in air. For higher concentration they observed our

results of a resistance peak anomaly.

4.3 Tunneling Results and Kondo Coherence Length

So far, we have observed a small conductance peak
and a large conductance dip in tunnel junctions doped

with two different species of different amounts at the
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barrier interface. The regions of agreement with the
existing theories have been introduced. The small
conductance peak shows Zeeman splitting in a magnetic
field, and has the logarithmic temperature and energy
dependence as predicted by Appelbaum. We further
associate the rapid increase in the conductance with
the strong coupling theory of Zawadowski et al.
Knowing then that the origin of the zero bias anomalles
is due to the interaction between the conduction elec-
trons and the magnetic impurities at the barrier
interface, it became important to investigate the
effects of the impurities which are introduced inside
the metallic electrodes. These effects can reasonably
be considered as local disturbances in the conductance
electron wavefunctions, rather than modification of the
tunneling matrix element such as impurilty assisted
channels. Since the electron tunneling conductance
anomaly can be regarded as a measure of the change in
the electron density of states at the barrier interface,
it is then possible to study this change as a function
of the impurity position and obtaln some information
about the existencé of the Kondo coherence length.

In this experiment we introduced the N1 impurities
in a form of a layer l1ike distribution inside the metal

and at different distances r from the barrier interface.
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The first run was performed to determine the suitable
range of thin Al thickness, and the impurity concen-
tration,and is shown in fig. (4.10). The geometry of
the high voltage glow discharpge was modified to pro-
duce a uniform I\12O3 barrier over the whole length of
the base Al surface. Typical conductance-voltage
characteristics ol one set of Junctlions doped with

about, 5 A o Ni impurities arc shown in fip. (h.11).
T'he distance of the Ni layer from the interface varies
between 10 and 60 A®. A sharp dip which approaches
Zero conductance has been observed in all heavily

doped Junctions. That current is due to the tunneling
proccss over a wide range of bilas voltapgre is obvious
from the 0-1l excitations at 118 m.V. and from the Al
supcerconduct ing enerpy rap characteristics shown in

Figse (N.12).  'The cnerypy gap reflects some proximity
structurce between the thin and thick Al films decoupled
by the magnetic impurities. 'The double sharp peaks are
probably duc to enerpgy gaps of two Junctions in parallel
which are formed because Lhe width of the Ni impurity
layer is smaller than that of the Al Pilms. We do not
observe a pap for films less than 20 A© thick, in agree-
ment. with the measurements of 'ownsend et al (1972).

The abusence of tLhe superconductivity in ultrathin Al
Films i duce Lo Lhe existence of magnetice Tmpuritioen.
T"he encrpey prap charactoricstices ol oup Junct.ions arce 1oy

For urther investiFations.



Fig. 4.10

Preliminary run on Al-I-Al junction doped with
Ni layer introduced at (a) O A°; (b) 50 Ao; (e)

70 AO; and (d) 150 A° from the barrier interface.
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Fig.4.11

Conductance-voltage characteristics for Al1-T-Al

junctions, doped with ~5 A° of Ni layer at r = 11,

21.5, 32.5 and 56.5 AO, Curves(a,(bL(C)and(e)respectively,

Curve (f), same as (e} with no impurities.
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Fig. 4.12

The energy gaps of Al,

(a) undoped junction,

(b) 3 A° of Ni dopant was introduced at r = 50 A°.
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Ni is a suitable dopant because of 1ts high resis-
tance against oxidation, and its low diffusion coefficient
in Al. It has been confirmed, theoretically by Sélyom
and Zawadowski (1968) and experimentally by Rowell and
Shen (1966) and Dumoulin et al (1970), that the’dilute
magnetic alloy electrodes do not produce a conductance
anomaly. The effect of diffusion was investigated by
remeasuring the conductance of the same junction three
months later, and a change of 10 to 15 % was observed.
Therefore diffusion could be neglected during the half
an hour necessary to cool the junction down to 80°K.

curve (c) of fig. (4.11) at different temperatures,
and G(V=0) versus temperature is shown in fig. (4.13).
The logarithmic temperature dependence of different
sets of junctions is shown in fig. (4.14).

Giasever and Zeller (1968) have produced a sharp
conductance dip by including in an A1203 matrix small
metal particles which act as an intermediate state for
tunneling. The conductance of their junction has linear
dependence on energy and temperature as shown in fig.
(4.15a,b), Zeller and Glaever (1969). The magnitude
of the conductance dip is slightly dependent on the size
of the particles in the range of 38 A° to 110 A°. oOn
the other hand the energy gap characteristics of the

particles show a step like increase in the conductance
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Fig. 4,13

Curve (c) of fig. 4,11 at different temperatures,

and G(V=0) versus temperature.
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Flg. 4.14

The temperature dependence of the conductance
reduction AG/G° for Al-I-Al Junctions doped with
different amount of impurities at different distances

from the barrier-metal interface.
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density of states, Zeller and Giasver (1971), but not a
peak which is quite different from the results shown in
fig. (4.12).

The Gilaever-Zeller model is based on the forma-
tion 6f tiny capacitors in the barrier. This requires
the existence of a barrier between the imbedded particles
and the junction electrodes. 1In our junctions the oxide
is not likely to be formed between the thin and thick
Al films during the 20 seconds between their successive
evaporations in a vacuum of 10-6 torr. Mezei (1969)
has done an experiment in which the thin Al film was
evapérated and subjected to a background vacuum of
2 ><10"5 torr. for 1 to 27 minutes. Control measurements
showed that no insulation developed beyond the experimental

resolution of 10-4

Q/mm, and no decrease in the optical
absorption of the thin Al layer occurred beyond the detec-
tion 1limit of 0.5 %, indicating an oxidatlion of less than
one atomic layer. As mentioned before, Sec.(3.1), the cri-
tical thickness at which the deposited films become elec-
trically continuous depends on the deposition parameters.
The slow evaporation rate of a reasonably high melting point
material on a substrate at 300°K temperature substrate co-
vered with prenucleation centers, such as A1203, would pro-
duce ultrathin electrically continuous films. Electrical

continuity of Al films 15 A° thick has been reported by

Vrba and Woods (1971). Therefore, one expects that the



(a)

(b)
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Fig. 4.15

The conductance o versus voltage V for Al-I-Al
junctions with Sn particles in the barrier.

¢<r2> 1s the average radius of the Sn particle.

The temperature dependence of o(V=0), Zeller and

Giaever (1969).
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Al films 20 A° thick are electrically continuous. As
a result the intermediate state tunneling through par-
ticles is not present in our junctions.
The conductance versus voltage characteriétics
of junctions doped with small amounts of Ni impurities
at 50 A° from the 1nterface is shown in fig. (4.16).
Preliminary results show that the conductance dip
increases linearly with impurity concentration at low
concentrations and more rapldly at higher concentrations.
The position dependence of the conductance reduc-
tion [AG/G°| for sets of junctions doped with different
amounts of Ni impurities is shown in fig. (4.17). @G°
refers to the conductance of pure junctions. One common
feature 1s that the impurity layers are only effective
if they are within 60 A° of the barrier interface.

Mezel and Zawadowskl (1971) found that,

—erA —r/cA

AG(d,V=0) _ Ap(d,0) _ , [2- e 1,

a° po

(4.1)
(o]
c = E%— Im T(w - 18) = 1 ,

in the case of the unitary limit scattering amplitude,
where T = 2i/ﬂpo. At higher impurity concentration, the
unitary limit is enhanced by the reduced density of states
in the impurity layer. Equation (4.1) is represented by
the solid 1line in fig. (4.17), for C = 1, 3/2, and



Fig. 4.16

The conductance-voltage characteristics for
Al-I-Al junctions doped approximately with (a) 2.5 Ao;
(b) 2 A% (e) 1.5 A%; (a) 0.5 A® and (e) 0 A° of

Ni impurity layers at r = 50 A°.
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Fig. 4.17

The conductance reduction at zero bias |43/G°|
as a function of r; Ni dopant 1s approximately
05 A°, 03 A°, e2 A®. The solid lines represent

c eF/Er2 - e7T/%7 for ¢ = 1; 1.5.






95

CA = 16 A°. The results which fit the predicted relation
are those of impurity layers 3 A° thick. For higher
impurity concentration, a self consistent treatment as
well as inclusion of barrier interface effects may be
necessary to explain the spatial behaviour of the con-
ductance reduction.

In conclusion, we have observed a large conductance
reduction, which depends on the position of the impurity
layer 1n the counter electrode. The maximum depression
takes place at zero bias for impurities closer to the
interface, an indication that a magnetic impurity lay-
er in a non-magnetic host metal 1s a source of the
glant resistance peak anomaly. The observed reduction
could be associated with a Kondo coherence length of
about 16 A° for a Ni monolayer in Al. The actual co-
herence length will be somewhat larger than 16 A° if the
Al films consist of i1slands not decoupled by an oxide
barrier from the counter electrode. The existence of a
coherence length of the order of 5-50 A° may be regarded
as confirmed by experiments made on different alloy
systems. Golibersuch and Heeger (1969) concluded from
the analysls of their NMR data that a conduction-electron
polarization of the range of 9 K exists around the impurities.
Edelsteln (1969) found conduction electron states inside
the superconducting energy gap of a Kondo dilute alloy.

He assumed that each impurity is surrounded by a radius
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r =17.6 Ao, of spin compensated states,where the super-

conducfivity 1s destroyed. Mezei's(1969) work could

be explained by a coherence length of 20 - 50 A°.
Further work is obviously necessary before

reliable values for coherence lengths are obtained, but

the results reported here suggest that it may well be

‘possible to do so.

b 4 Al-I-Fe or Ni Junctions

Various structures in the conductance of normal
metal tunnel junctions have been identified as due to the
interaction of electrons with magnetic or non-magnetic
impurities in the oxide or with phonons of the oxide or
metal electrodes, to self energy corrections, to the
tunneling probability, and to band structure effects.
The conductance derivative dG/dV versus bias voltage
V of an Al1-I-Pb junction is shown in fig. (4;18). The
peaks correspond to the excitations of the transverse
and the longitudinal phonons of the oxide barrier and
the vibrational modes of some of the molecules contami-
nating the barrier. Very recently structure of Ni0 was
discovered by Adler and Chen (1971) and identified by
Tsul et al (1971) as magnon excitatlons superimposed
on the background conductance of Nickel single crystal
tunnel junctions. Magnons could also be reflected in the

tunneling characteristics as a conductance dip which



Fig. 4.18

dG/dV versus V for an Al-I-Pb junction at

4,2°K. The peaks correspond to different excitations

in the junction.
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varies as (eV)3, Bennett et al (1969), or as an additional
conductance peak which has a half width of one tenth of
the maximum magnon frequency. This peak 1s a result of
the interaction between magnetic impurities in the
barrier, which are coupled to the bulk magnetization
of the electrodes, and the conduction electrons.

We prepared Al-I-Fe or N1 junctlions to see 1f it
is possible to observe varliations 1ln the density of states
of the d-band of N1 near the Ferml energy, excitations of
spin waves by tunneling electrons or self energy effects
. due to the interaction with other excitations. The
conductance and its derivative versus voltage charac-
teristics of an Al-I-Fe junction is shown in fig. (4.19)
and (4.20). The tunneling mechanism is the dominant
process in our tunnel junction because of the ob-
servation of the Al superconducting energy gap and the
0-H excitation at 118 m.V. However,the conductance
increases rapidly with bias voltage,which could mask
the weak superimposed structures. The conductance has
a parabolic dependence on the bias voltage up to 0.6
volts, with deviations around the origin, which could
be due to ehanges in the electron density of states
available for tunneling. The excitation of magnons
could lead to an increase in the conductance for bias
voltages up to 100 m.V., as pointed out by Rowell (1969).

The prediction of the renormalization effects in the



4.2°K.

Fig. 4.19

G-V characteristics for Al-I-Fe junction at
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Fig. 4.20

(dG/4AV) versus V at 4.2°K for an Al-I-Fe

Junction.
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form of an additional peak or structure which could be
assoclated with the magnon excitation has not been
observed in our Junctions. Rochlin et al (1970) did
not observe magnon structure in theilr Cr-Cr0-M Junctions,
though the Cr0 forms a well behaved barrier.

We observed strong structures between 20 and 40
m.V. which could be assoclated with the phonon modes
of Fe. The structure is probably smeared by the phonon
structure of Al which occurs in the same range. The
phonon structure of Al is rarely observed in Al-I-Al
junctions. We were not able to produce Sn-Sn0-Fe
Junctions in order to resolve the Fe phonon structure
beyond doubt.

Figs. (4.21) and (4.22) show the conductance and
its derivative as a function of the bias voltage of
an Al-I-Ni1 junction. In the low voltage range, there
exist a 4 % conductance change from -100 m.V. to 100
m.V., and a small conductance dip at zero bias.
Similar observations have been reported by Rowell (1969)
while Chen and Adler observed a 5 % conductance dip
around the zero bias. It is too early to associate
these changes with magnon-assisted tunneling or band
structure effects, since deformations of the oxide or
~ impurities at the.barrier interface could possibly
produce such characteristics. The peak at 120 m.V.

is due to the 0-H impurity excitation, though it has
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Fig. 4.21

G-V characteristics at 4.2°K for an Al1-I-Ni

Junection.
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Fig. 4.22

(dG/dV) versus V at 4.2°K for an Al-I-Ni

junction.
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been associated with magnon excitation of Ni0, Tsui

et al (1971). It seems that the magnon structure of
the magnetic electrode is too weak to be observed in
the tunneling conductance which increases rap;dly with

bias voltage.

4.5 Iron Oxide Barriers

The iron oxlde barriers have been grown elther
thermally or in a glow discharge of oxygen. Tunnel
barriers formed by severe thermal oxidation have a large
resistance change with temperature and bilas voltage.

For example, close to the zero bias, a 30 ohms resis-
tance at T0°K increases to 101l ohms at 4.2°K; at the
zero blas the value of the resistance is beyond the
impedance of the present equipment.

Light thermal oxidation at 100°C in air for 10-15
minutes produces barriers which have the tunneling
resistance behaviour shown in fig. (4.23). The width
of the resistance peak 1s about 2 m.V. The energy and
temperature dependence of the resistance of a tunnel
barrier formed in a glow discharge of oxygen is shown
in fig. (4.24). These results are in agreement with
the measurements of Christopher et al (1968).

The theoretical models, discussed in Chapter 2,
show that the origin of the zero bias tunneling anomalies

is due to the interaction between the conduction electrons
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Wip, Ny

et )

The dynamical resicstance R versus V. oat different
Lemperature rop an Fc—Feny—Al Junction (the tunnel
barricr was formed in air at 100°% for about 10 minutes

s).
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Fig. 4,24

R versus V at different temperatures and R(V=0)

versus T for Fe3Ou barrier formed in a glow discharge

of oxygen.
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and the magnetic impurities, Therefore, a pair breaking
effect should be evident when one of the electrodes.
become superconducting. This should result in a
decrease of the superconducting transition temperature
and a smearing of the gap characteristics. In our
results, we found that the energy gap of the Pb and

Sn counter electrodes as well as their transition tem-
peratures are similar to those obtained from tunneling
measurements of Al-Al203—Pb (Sn) junctions. Similar
results have been reported by Rowell et al (1968) in
Cr-Cr0-Pb junctions. However, they had found out that
the strength of Pb phonon structure is decreased, and
had concluded that the energy gap is affected by the
anomaly at higher energies. The normalized conductances
of different Fe-Fexoy-Pb and Al—A1203-Pb junctions are
shown in fig. (4.25). The phonon structure is slightly
affected at higher blas because the junctions have
small zero bias resistance anomaly. In the case of a Sn
counter electrode on the top of the same Fexoy, the
resistance peak anomaly was much larger, and the phonon
structure was very much perturbed. The rapid change in
the conductance with bias voltage masks out the super-
imposed phonon structure of Sn. From the above discus-
sions, we conclude that the tunneling anomalies are not
necessarily magnetic 1in origin, but rather due to the

structure, the height of the barrier and the electronilc
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Fig. 4.25

The normalized conductance o, Versus voltage
for Fe—Fe30u—Pb junctions (solid lines) and for

Al-A1203—Pb junction (circles).
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behaviouf of the barrier oxide-metal interface.

Different types of FeXOy could be formed on the
surface of the iron electrode, depending on the para-
meters of oxidation. lixperimental measurements
indicate that the malin oxide, Fe30“, has an unusually
high conductivity and other electronic behaviour. One
of ity clectrical properties 1s the order-disorder
transition that takes place at 119OK, and the dominant
mechanism of conductivity is due to the exchange of
electrons between the ferrous and ferric ions in the
octahedral lattice sites. Electrical conductivity measure-
ments by Miles et al (195%7) indicated that a semiconducting
bhehaviour below 119°K exists with a very low-temperature
activation enerpgy of the order of 30 meV. Verwey and
Haayman Tound that excess oxygen lowers the transition
temperature and causes the transition to be less sharp.

We observed an enormous drop in zero bias resistance
between 4.2 and 77OK which may be connected with the
ordering transition in magnetic iron oxide Fegoh' The
Fe203 iz a relatively good insulator with a resistivity

of’ the order of 1011 Qecm and probably has a substan-
t1ally larger barricr heipht for tunneling, than that

of W”3UM' 1 the oxidation of the iron procecds in
such o way that a continuous layer of ]?c;,():), is formed,
tLhen Lhe larpger barricr heiphi would produce more ideal

tunne Ling charactertiostlics at low voltapges.
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The magnitude of the zero blas resistance anomaly
depends on the counter electrode. It seems possible
then that the barrier oxide counter electrode interface
forms some sort of glassy semiconducting structure,
with the property of a low localized density of states
around the Fermi energy which rapidly increases away from
the Fermi level. Therefore the available density of
states for tunneling electrons which increases with
bias voltage could lead to the observed conductance

anomaly.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

In this thesis we have reported the results of
studies on the conductance characteristics of Al-I-Al
junctions doped with Ni and Fe impurities. The
observed zero bias anomalies have been attributed to
the exchange interaction between the conduction elec-
trons and magnetic impurity spins.

We found that a small amount of magnetic dopant
can produce a conductance peak anomaly with a Zeeman
splitting in a magnetic field. The interaction between
the magnetic impurities was found to affect the conduc-
tance anomalies even at low concentration. Therefore
the extraction of the gyromagnetic ratio g of the
localized magnetic moments or its negative shift -2Jp
from the results of the conductance anomaly without
consldering the interaction between the magnetic impurities
may be uncertain.

Upon increasing the amount of magnetic dopant
a conductance peak superimposed on a resistance peak
anomaly was observed. The conductance peak is due to
impurities in the barrier, while the resistance peak is
due to impurities in the metallic electrode. This

conclusion has been confirmed experimentally by
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introducing the magnetic dopant in the form of an impurity
layer inside the counter electrode and at different
distances from the barrier-electrode interface. A
tunneling conductance reduction (resistance peak anomaly)
which 1s larger for Impurity layerscloser to the inter-
face was observed. The result of this experiment was
compared with Mezei and Zawadowski's theory. A Kondo
coherence length has been assoclated with the effective
range of the magnetic impurity layers. Much more work
has to be done before this conclusion can be considered
as final.

The results on Al-I-Ni or Fe Junctions do not
reflect the electron-magnon or band structure effects
predicted by the different theories., However, structure
which could be associated with the phonon modes of Fe
between 20 and 40 m.V. has been observed.

The tuhneling anomalies of Fe-Fe304-M Junctions
have been attributed to a small barrier height and the

Structure of the barrier-metal interface.
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