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Dasjenige, wogegen ich mich wehre, ist der Begriff einer idealen Exaktheit, der uns
sozusagen a priori gegeben ware. Zu verschiedenen Zeiten sind unsere Ideale der Exaktheit

verschiedenen; und keines ist das hochste.

L. W. Wittegenstein




ABSTRACT

In this work tunneling studies on an antimony telluride, V-VI narrow-gap semiconduc-
tor (NGS), and an antimony, an element of the compound semiconductor, are described

and discussed.

Tunnel junctions of the types Au-SbhyTez-Al and Al-Al oxide-Sb were prepared. A clean
surface, an important condition for tunneling experiments, was produced by the layer-by-
layer deposition in a high vacuum (< 5x10~7 Torr) without breaking the vacuum. ShyTes

films were prepared by the flash evaporation of antimony telluride pellets.

A rejection-selection filter network suitable for the detailed study of the first and sec-
ond derivatives of the current-voltage characteristics of tunnel junctions was constructed.
The uniqueness of the network lies in its low noise and in its applicability for wide range of
resistance of the tunnel junctions (1 2 — 10 k§2). The filter network tunneling spectrometer

1s described in detail .

A narrow width conductance peak at zero bias voltage with a symmetric undershoot
structure is found in Au-SbyTes-Al tunnel junctions. Except for the voltage symmetric
undershoot structure, this behavior is found to be well described by a tunnel equation
where a nonparabolic F£ — k dispersion relation of Kane’s type is involved. In this model,
analytic continuation of the £ — k relation from the conduction- and valence bands at the
middle of the energy gap is successfully carried out if the both band edge effective masses
are the same. From this analysis, it is shown that the Fermi level locates just above the
valence band edge in this material. The origin for undershoot structure is discussed. It is
particularly emphasized that this analysis is essential for tunneling through a narrow-gap
semiconductor whose Fermi level locates near the valence band edge. It is also noted
that the two-band analysis must be necessarily carried out for tunneling through a solid

barrier with conduction- and valence bands.

Electron tunneling experiments have been carried out to investigate the confirmed
anisotropy of Fermi surfaces and phonons in a semimetal antimony. Depending upon the
texturization of antimony films, the definite change in shape of tunneling conductance is
observed. In addition to the intervalley acoustic and optical phonon peaks, the intravalley
acoustic phonon peak becomes observed in the second derivative curve dependent upon
the exposed crystal faces. This intravalley acoustic phonon peak has never been observed
in Raman spectra and neutron scattering experiments. As for the intervalley acoustic

and optical phonon peaks, the half-width of these peaks becomes decreased as the change

of the exposed crystal faces. This is the first observation of the anisotropy of Fermi




surfaces and phonons in tunneling spectroscopy. Moreover this is the first observation

of the intravalley acoustic phonon peak in tunneling spectroscopy. The overtone phonon
peak exhibits an asymmetric structure in contrast to that of the Raman spectrum. This

might be due to the difference of coupling functions.

Electron tunneling measurements have been performed to study the one-particle den-
sity of states in inhomogeneous Sb films. A conductance minimum is observed at zero bias
and the result can be well described in terms of the theory of electron-electron interac-
tion in weakly disordered metals. On the other hand, at higher voltages the background
conductance curve exhibits roughly an asymmetric parabola, as is typical in a metal-
insulator-metal (and not semimetal) tunnel junction. The feature of band structure in
the semimetal disappears completely. This result indicates that an inhomogeneous Sb film
constitutes a metallic, degenerate electron gas system at the interface of the junction. A

metastable metallic phase of Sb may be stabilized due to a higher disorder. This is the

first evidence of the disorder induced semimetal-metal transition.




ZUSAMMENFASSUNG

In dieser Arbeit werden Tunnelexperimente an dem schmalliickigen Halbleiter (SLH)
SbyTesz, einem V-VI-Verbindungshalbleiter mit rhomboedrischer Struktur und an dem

Halbmetall Antimon beschrieben und diskutiert.

Es wurden Tunneldioden, mit dem Aufbau Au-Sh,Tes-Al und Al-Al Oxid-Sh hergestellt.
Die Energieliicke von ShyTez und Al Oxid bilden dabei die Tunnelbarriere. Die fiir Tunnel-
experimente wichtige saubere Oberfliche wurde mit einer beweglichen Maske und durch

sukzessive Aufdampfung unter Hochvakuum erreicht.

Zur Messung der ersten und der zweiten Ableitung der Strom-Spannungscharakteristi-
ken der Tunneldioden wurde ein Filternetzwerk entwickelt, das besonders geringes Rau-
schen aufweist und fiir einen grofen Widerstandsbereich der Tunneldioden geeignet ist.

Dieses Netzwerk wird eingehend beschrieben.

Fur den Fall, daf§ die Energieliicke des Halbleiters die Barrier bildet, zeigt die dl/dV-
Charakteristik bei Spannungsnullpunkt ein schmales positives Maximum und scharfe
negative Minima zu beiden Seiten des Maximums. Die Struktur ist véllig symmetrisch um
den Spannungsnullpunkt. Unter Ausnahme der Leitfahigkeitsminima, konnte der Verlauf
durch eine Tunnelgleichung, in der eine nichtparabolische F — k-Dispersionsbeziehung
berticksichtigt ist, gut erklart werden. Es wird gezeigt, daB die Berucksichtung der
£ — k-Dispersionsbeziehung fiir die Analyse des Tunnels durch den SLH, wo die Fermi-
Energie in der Néhe von der Valenzband-Kante liegt, wesentlich ist. Dies scheint typ-
isch fir das Tunneln durch einen Festkorper. Auch die Ursache fiir die symmetrischen

Leitfahigkeitsminima wird diskutiert.

Tunnelexperimente an dem Halbmetall Sb bei Tunneldioden vom Typ Al-Al Oxid-Sb
wurden zur Untersuchung der Anisotropie der Elektronen und Phononenstruktur durchge-
fihrt. In dieser Arbeit wurden erstmals akustische Phononen in Intrabandprozessen durch
Tunnelspektroskopie beobachtet. Sowohl die akustischen Phononen in Intrabandprozessen
als auch die akustischen und optischen Phononen in Interbandprozessen werden abhangig
von der Kristallorientierung beobachtet. Eine systematische Anderung der Tunnelleit-

fahigkeit wird beobachtet. Eine Anisotropie der Elektronen- und Phononenstruktur ist in

dieser Arbeit erstmals durch Tunnelspektroskopie beobachtet worden.




Es wurden Tunnelexperimente zur Bestimmung der elektronischen Zustandsdichte un-
geordneter Sb Filme durchgefiihrt. Die Tunnelleitfahigkeit hat ein Minimum bei 0 meV
und die MeBkurve last sich gut mit der Altshuler-Aronov Theorie erkliren. Unter hoheren
Diodenspannungen zeigt die gemessene Tunneclcharakteristik einen fiir Metall-Isolator-
Metall Tunneldioden typischen Verlauf. Die gefundene Bandstruktur stimmt nicht ganz
mit der eines Halbmetalles iiberein. Das Irgebnis zeigt, daB sich an der Grenzfliche Al-
Oxid/Sb Film ein entartetes Elektronengas bildet. Eine metastabile Modifikation des Sh

mag durch hohere kristallographische Unordnung stabilisiert werden. Ein durch kristallo-

graphische Unordnung verursachter Halbmetall-Metall Ubergang wurde in dieser Arbeit

zum erstenmal beobachtet.
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1 Introduction

Wie schwer fallt mir zu sehen, was vor meinen Augen liegt!
L. W. Wittegenstein.

Historically, the concept of tunneling is almost as old as quantum mechanics but the
first conclusive experimental evidence of tunneling through a junction was seen in Ge. This
important event occurred in 1957 when Esaki invented the tunnel diode. He established
the reproducibility of tunnel structures, and demonstrated that tunneling could be used
for extraction of spectroscopic information, such as electronic structures and elementary
excitations of solids. In 1960, Giaever discovered tunneling into superconductors and
directly observed superconducting energy gap and quasiparticle density of states. He
demonstrated the simplicity and elegance of tunneling spectroscopy and gave conclusive
experimental evidence of tunneling mechanism in tunnel structures. Giaever’s discovery
led to the prediction and the subsequent observation of the Josephson effect. Josephson’s
discovery established the physical significance of the concept of gauge invariance.

As for the tunneling effect in condensed matter physics, its study covers a very wide
range. They are typically: identifications of conduction and valence band edges, band
gap and impurity levels (or bands), negative resistance effect, surface quantization, Lan-
dau levels, self-energy (polaron) effects in semiconductors[l, 2], spin polarization in mag-
netic materials(3], energy gaps and Eliashberg functions o?F(w)[4]-[16] in superconduc-
tors, molecular vibration peaks[17]-[23], resonant tunneling(24], spin-flip (Zeeman) tran-
sitions of paramagnetic ions[25, 26], Kondo scattering[27], elementary excitations such
as phonons, magnons, plasmons(28, 29, 30] and excitons[31]-[34], quantum size effect[35,
36, 37], charging effects (single electron tunneling)[38]-[43], electron-electron interactions
and localization[44, 46], electronic density of states for quasi-one-dimensional conductors
(CDW and SDW gaps)[47]-[50], quasiparticle gap in Kondo semiconductors[52, 54], energy
gaps 1n Intermediate-valence materials[55, 56], 2D-2D tunneling[57], fluctuation kinetics
of single electron trap states in the barrier material[58, 59], etc..

In principle, a tunneling experiment is extremely simple. It involves making the tunnel
junction, which consists of two conducting electrodes separated by a thin insulating layer,
and measuring the electrical current I through the junction as a function of the voltage
V' applied to the electrodes. Such I — V characteristics contain information about the
electronic properties of the electrodes as well as the barrier at energies ¢V above and
below the Fermi energy of the electrodes. In other words, tunneling is a special form
of ultra-low energy electron spectroscopy in solids; the I — V, d1/dV-V, or d*I/dV?-V
characteristics are the electron spectra plotted as a function of the injection energy ¢V of

the electron. Tunneling spectroscopy has proved to be a sensitive and powerful technique

for the extraction of spectroscopic information ( i.e., electronic structures and elementary




excitation spectra in solids) in condensed matter physics. In fact, for example, for the
superconductor research, it played a decisive role in the past for the establishment of the
BCS electron-phonon coupling theory.

This study* discusses two fundamental aspects of elastic and inelastic electron tunnel-
ing and electron density of states anomalies in random solid mixtures studied by tunneling
experiments.

First, tunneling experiments on Au-SbyTez-Al tunnel junctions are carried out to in-
vestigate the significance of the dispersion relation in the tunneling barrier in analyzing
the tunneling characteristics and further to obtain information about the dispersion re-
lation of the SbyTes, which has not been clear at present. This consideration would be
of quite significance because the energy gap between the conduction- and valence bands
constitutes the tunneling barrier in tunneling through a solid. This material has been
known to be always p-type regardless of various attempts to produce n-type materials;
however, the location of the Fermi level remains unclear. This investigation would be
therefore also significant to identify the singular position at which the Fermi level of this
material locates.

Second, an electron tunneling study on thin films of semimetal antimony is performed
to investigate an anisotropy of Fermi surfaces and phonons in tunneling spectroscopy.
Such anisotropy has been expected to be observed in tunneling spectroscopy, however,
surprisingly, it has never been observed before. If such anisotropy can be observed in
tunneling spectroscopy, it will be used more widely in the future. Antimony is a good
material for this study since the crystal structure is rhombohedral and the Brillouin zone is
distorted. Therefore there exists anisotropic band and phonon structure in this material.
Moreover, this material has both covalent and metallic characters and the different crystal
faces are expected to be exposed on a junction interface, dependent upon the preparation
conditions.

Last, electron tunneling experiments in inhomogeneous Sb films (i.e., semimetal-
semiconductor two-phase systems) are described. There has been few studied on the
correlation between the electron-electron interaction in disordered semimetals (minor and

two carrier, multi-valley systems) and the band structures. The density of states anoma-

"This thesis is based upon the following papers.
E. Hatta, J. Nagao, and K. Mukasa, Z. Phys. B 98, 33(1995).
E. Hatta, T. Gohda, K. Mukasa, and T. Ishii, Vacuum. 46, 1377(1995).
E. Hatta, J. Nagao, and K. Mukasa, J. Appl. Phys. 79, 1511(1996).
E. Hatta and K. Mukasa, Solid State Commun. 98, 293(1996).

. Hatta and K. Mukasa, Solid State Commun. 103, 235 (1997).




lies at the Fermi energy have been widely studied in amorphous and disordered metals:

however, there has been few studied on those in disordered semimetals, especially, the
correlation between the electron-electron interactions and the band structure. This in-
vestigation is of quite interest from the point of view of the electron correlation in small

carrier system.

®
2 Basic Concepts
Ich glaube, es ist eine wichtige und merkwiirtige Tatsache, da8 ein musikalisches Thema, wenn es in (sehr) verschiedenen
Tempi gespielt wird, seinen Charakter andert. Ubergang von der Quantitdt zur Qualitat.

L. W. Wittegenstein.

2.1 Basic Concepts of Electron Tunneling Spectroscopy

2.1.1 Attenuation Constant x(£) and Electron Dispersion Relation F(k) in
Electron Tunneling

We take the stationary state approach to elastic electron tunneling[l, 28]. We assume
a planar junction and let the one-dimensional tunnel barrier extend in the z direction, as
illustrated in Fig. 1 (a). The transverse electron wave vectors, k, and k, are constants of
motion. For elastic tunneling, the energy I as well as k, and k, of the tunneling electron
is conserved. We focus our attention on electrode 1, which is negatively biased with a
voltage V' relative to electrode 2. The electron tunneling current per area A flowing from

1 to 2 at temperature 7' = 0 is given by

L 2e

AT @y

/vxl)d%, (1)

where the integration is over all the allowed states in electrode 1. D is the tunneling
probability, which depends in general on k,, k., and E of the tunneling electron, and
on V' (which distorts the tunneling barrier); v, is the electron velocity in the tunneling

direction, which specifies how frequency it approaches the barrier. By using

1 0F
=E 2
PR Ok, (2)
we can rewrite
2e 1
Jasm ot / dE / Ddk,dk,, (3)
(27)° h Jur—eV

-
4

where g is the Fermi energy in electrode 1. Equation (3) can be generalized to finite
I" by including the Fermi function, f(F) = [1 + exp {(£ — p)/kT)}]™" to describe the
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occupation of states in electrode 1 and the vacancy of states in electrode 2. The resulting

expression 1s 1)
Fiuseseds / dE[f (E )—f(/')+c\/)]/deydl;:, (4)

272h

i.e., the current between constant-energy shells on the two sides of the barrier is propor-

tional to the difference in the probability of occupation of the states in the two shells and
to a surface integral over the overlap of their shadows where we define the “shadow” of a
constant-energy surface to be its projection in wave-number space on a plane parallel to
the barrier. In practice, however, tunneling experiments are usually carried out at liquid
helium temperatures (7" < 4.2 K) to eliminate thermionic emission over the barrier, so
the T' = 0 expression is adequate.

For the discussion below, it is of quite significance to gain an insight into this transverse
wave-vector conservation (specular tunneling). A representation in the wave vector space
is useful and is also shown in Figs. 1 (b) and (¢). A k, — k. plane is shown parallel to
the junction plane, corresponding to a single barrier. Figures 1 (b) and (c) show two
different bias voltage conditions (V. > V;). First, the Fermi sphere on the left is projected
on the screen at the particular applied voltage, forming a circle (Fig. 1 (b)), or a smaller
ellipse (Iig. 1 (c)), depending upon the value of applied voltage. The Fermi sphere on
the right, in which electrons have the same total energies as electrons in the Fermi sphere
on the left, is rather large (and we can imagine that of a metal); moreover, its size will be
increased as the applied voltage increases. Thus in this case the two projected patterns
always overlap. If arbitrary two projected patterns have no overlap, there will be no
specular tunneling current. With an increase in applied voltage from Vj to V., the current
will decrease because of disappearance of overlapping regions, thereby causing a negative
resistance.

We notice that J does not depend explicitly on the electron density of states (p =
(L/7)(0L[0k.)™" = Lhv,/x) in the o direction by v,, and that it depends only on the
density of states associated with k, and k,. This is a direct consequence of an independent
particle model and the resultant reciprocal relation between the particle velocity and the

density of states. The tunneling conductance, defined G = d7/dV/, is

)
o Ik, / 5 . |
G 27(2 . / Dl st L i S ek, (

at
N—

Here, the first term, which may be regarded as a density of states term (, which is the
subject in Sec. 4.3), arises from the change in the number of states available for tunneling
due to the incremental change of V. The second term arises from the change in D (,

which is the subject in Sec. 4.1). Usually, the second term dominates and the G — V

curve reflects qualitatively the tunneling barrier and its dependence on V.




The tunneling probability D is the ratio of the transmitted current to the incident
current. It is obtained by solving the time independent Schrodinger equation in the
allowed and the forbidden regions of the tunnel junction. The solution ¥(z) is composed
of an incident wave and a reflected wave on one side of the barrier and of a transmitted
wave on the other side. These waves are matched to the exponentially decaying solution
inside the barrier by using the boundary condition that ¥(z) and (1/m*)dV¥(z)/dz are
continuous at the classical turning points (; and z, in Fig. 1 (a)). For a square barrier,

the exact solution gives
16/\31 AIQIX, DK

CENOICET N .

where k; and &, are the electron wave vectors on opposite sides of the tunneling barrier

D =

of thickness ¢, and K is the decay constant in the barrier. For a more general barrier,

V(z), application of the semiclassical WKB approximation gives

D ='exp <—2/Kd:v> ’ (

where the integration is between the two classical turning points. The WKB approxima-

-~
~—r

tion is valid for slowly varying potentials. If it is applied outside the range of its validity,
e.g., to the square barrier, it still gives the correct component but not the prefactor, as
seen by comparing (7) to (6). In typical problems of interest, the exponential term, ap-
proximately 107° to 107'? (e.g. ~ 107 for a barrier of 1 eV height and 20 A thickness),
dominates. The relatively weak energy dependence in the prefactor in (6), for example,
becomes important only in the limit of small E, corresponding to the tunneling of elec-
trons close to a band edge in the electrode. It has been seen from the above discussion
that tunneling does not measure directly the normal state electron density of states of the
electrodes. However, the tunneling current depends on the number of states available and
on their tunneling probability through its barrier. The band structure of the semicon-
ductor can, therefore, in various ways be reflected in the tunneling characteristics, I — V/,
d//dV —V or d*I/dV? — V of the junction.

In real solids, the tunneling barrier is the forbidden energy gap, I,, separating the
conduction band from the valence band of the insulator (or semiconductor) through which
the electron tunnels. The energy dependence of the decay constant A in (6) and (7) is
described by the electron dispersion relation of the material as is illustrated in Fig. 2,
where IV is plotted as a function of k?. This suggests thal the tunneling equation governing
elastic tunneling can be used as a basis to subtract the information about the electron energy
(L) - momentum (k) dispersion relation in the forbidden energy region of insulating and
semiconducting barriers from elastic tunneling data.

For energies in the conduction band (£ > E,.), or valence band (£ < E,), k? is positive,

k is real, and the wave functions describe propagating states. However, for £, < £ < E.,
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Ec » k2

VALENCE BAND

Figure 2: E versus k* in an insulator or a semiconductor.



k* is negative, k is imaginary, and the wave function decays exponentially with the decay

constant given by £ = ¢+/{'. Close to the band edges, . and F,, the band is approximately
parabolic: = h%k?/2m*, where m* is the effective mass of the electron or the hole. Thus,
if tunneling takes place close to the conduction or valence band edges, K in (6) and (7)

can be approximated by
K = {(2m™ /W) [V (a) - B}, (8)

where the barrier V(z) is the conduction or valence band of the material through which
the electron tunnels and E, is the kinetic energy of the tunneling electron.

On the other hand, if tunneling takes place deep in the energy gap, mizing of the
conduction and valence bands becomes important and (8) is invalid. In the case of p-n
diodes, for example, the two band model[60]-[62] based on the k-p perturbation theory

B2 KR, Ey

o= anl e o '
4 ¥ 2rn* 2 (9)

is often used instead. Here we assume that the effective masses of the conduction and
valence band electrons are the same.

For comparison, two specific examples of band structure effects different from that due
to the electron dispersion relation, are next described. First is the density of states factor
effect, and the second is the phase space effect. The latter’s effect is closely associated
with electron dispersion relation effect in tunneling characteristics. As the density of states
factors effect, the negative differential resistance of the tunnel diode[63] is the strongest
band structure effect, reflecting the overlap of the conduction band on the n-type side
of the junction with the valence band on the other side. Similar but weaker effects have
been observed in ozide junctions made of highly degenerate p-type (~10%° cm™2) SnTe
and GeTe films on Al-Al;O3 base electrode[64]. As in the tunnel diode, the initial current
increase with increasing negative bias is due to the increase in the number of states in
the semiconductor, into which electrons in the metal electrode can tunnel. However,
unlike the tunnel diode, this number remains constant for Uy Fiky ZoeV 2 gy, while
their tunneling probability decreases with increasing V, because of the increase in the
height of their tunnel barrier. Thus a negative differential resistance results in the I — V
characteristic. The observation of this effect depends much on the details of the potential
at the oxide-semiconductor interface. For example, if a depletion region exists in the
semiconductor, as is the usual case, its width will decrease continuously with increasing
V,even for V > u,/e, and it will make the observation of these effect difficult.

As the phase space effect, the onset of tunneling into a new band can give rise to a
threshold effect. Such an effect was first observed in MS contacts on n-type Ge[65, 66].

- =" = ; ; .
In Ge, the conduction band minimum ', at the center of the Brillouin zone is 145 meV

6




above the L; minima. Since the resistance peak in this case measures the Fermi energy in
the L; minima the difference in the bias of the peak and the bias of the threshold gives a
direct measure of the energy: Iy, — L;. The observation of this effect in Ge is facilitated
by the fact that the effective mass mj < mj and, consequently, tunneling is easier for
the I, band. This point is more clearly demonstrated by the pressure dependence of the
zero-bias resistance R(0) of a MS contact on n-type GaSb[67] with n = 3.5x10'® ¢cm™2. In
GaSb, the conduction band minima at I" lies below (by ~ 85 meV) the L minima and only
a small fraction of the electrons occupies L. Tunneling at zero-bias is dominated by the
I" band which also has a smaller effective mass. The application of a hydrostatic pressure
P reduces the energy separation between the minima and transfers electrons from I' to
L. Since the tunneling probability is smaller for electrons in L than in I", R(0) increases.
It shows a sudden increase at P ~ 12 kbar and then saturates when all the electrons are

transferred into the I, minima.

2.1.2 Electron Density of States Anomalies in Disordered Materials Studied
by Electron Tunneling

Most of our understanding in solid state physics has been based on the periodicity of
lattice. Although there are many materials which do not have such a symmetry, lit-
tle has been understood because of difficulties to handle them theoretically. The phe-
nomenon of localization of electron wave functions in random potential was first treated
by Anderson[68] in 1958. He showed that the three dimensional diffusion of electrons in
macroscopic distance is impossible when the randomness is large enough, even though
the energy spectrum is continuous across the Fermi level. The localization is a conse-
quence of the interference of electron waves which are scattered by the random potential.
As for the interaction effects, the electrons in random potential are less effective for the
shielding of the Coulomb interaction than those in pure metal because their motion is
diffusive and cannot follow the change in the electric field immediately. Therefore the
Coulomb interaction between electrons are enhanced. This enhanced interaction causes
an additional anomaly in the density of states at the Fermi level. Through the Einstein
relation o = e DN(Er) where D is the diffusion constant, and NN is the density of states,
there appears an anomaly in the conductivity.

Before starting the discussion about the electron correlation in solids, we first mention
classes of insulators, which are significant for understanding the underlying physics in
disordered materials. The restriction to zero temperature and small external fields allows

us to identify two basic categories of insulators, namely,




e insulators due to the electron-ion interaction

e insulators due to the electron-electron interaction

To understand the insulating behavior of a material at zero temperature we may
consider only static ion configurations. Then, the first category subsumes all insulators,
which can be understood in terms of a single-electron theory. The following three classes

of insulators are prominent representatives:

1. Bloch-Wilson or band insulators due to the electrons’ interaction with the periodic

potential of the ions;

S

Peierls insulators due to the electrons’ interaction with static lattice deformations:

3. Anderson insulators due to the presence of disorder, e. g., the electrons’ interaction

with impurities and other lattice imperfections.
4. Mott insulators due to the electron-electron interaction

Mott insulators are conceptually different. Here, we always have to solve a many-
electron problem. In real materials, the interactions used in the above classification scheme
are always simultaneously present such that the classification of experimentally observed
insulators is not always that straightforward. In fact, an observed metal-insulator tran-
sition need not be dominated by one interaction alone to the exclusion of the others.
Although a single interaction may drive the transition, its nature may be (and often
is) strongly affected by the others. An example for this effect is modifications of the
disorder-induced metal-Anderson insulator transition by the Coulomb interaction between
electrons. Hence, this metal-insulator transition is called Anderson-Mott transitions.

On the other hand, electronic properties of weakly disordered metals at low tempera-
tures are governed by the effects of electron-electron interaction[69, 70, 71, 72] and weak
localization[73]. In particular, the electron-electron interaction leads to a correction of
the one-particle density of states (DOS) at the Fermi energy which was first predicted
by Altshuler and Aronov[69, 70]. The form of N(£) is illustrated in Fig. 3 (a). This
correction was confirmed experimentally by tunneling experiments[74]-[83]. The physics
of strongly disordered systems near the metal-insulator transition is not understood fully
and is still a new world. However, tunneling experiments show that the DOS vanishes at
the metal-insulator transition[44, 84, 85, 86]. This is in agreement with theories of the
metal-insulator transition which take into the electron-electron interaction[87, 88, 89].

First, we consider Bergmann’s treatment as for weak localization. It was first pointed
out by Bergmann[90, 91] that multiple scattering could produce a drop in the conductivity.

The argument is illustrated in Fig. 3 (b), which shows the Fermi surface of a metal in



Figure 3: (a) Density of states in a disordered material, showing the change near the Fermj

energy I predicted by Altshuler and Aronov. (b) Fermi surface in k-space, showing

multiple scattering paths leading to quantum interference.




k-space, with an electric field along the k, axis. An electron in a state represented by A,
moving in the direction of the field, can be scattered through 180° to the point B, moving
opposite direction, either directly or by multiple scattering events such as ACDB. In the
latter case two paths, ACDB and AC’D’B’ are possible, and, if all scattering processes
are elastic, these paths can interfere. Bergmann shows that this process reduces the

conductivity by

Ao 1
S onal i (10)
Z (krl)

If some collisions are inelastic, this interference does not take place. We therefore introduce

the inelastic diffusion length

L=t Day, (11)

where D is the diffusion constant and 7; the time between inelastic collisions. Then 1/ L;

is the chance that a collision is inelastic, so (as first suggested by Kaveh and Mott) we set

8g° 1 (1 _l_) (12)
g b ¥ (kFl)2 _[Ji . i

The inelastic collisions can be either with another electron, when 7; o 7% or with

phonons, when above Debye temperature 7; o« T7'. These effects are described as ©
weak localization”. It will be seen that the effects are only significant when [ is small,
and thus typically for noncrystalline materials. It is remarkable that, as a consequence of
(12), inelastic scattering increases the conductivity. A further effect is that of spin-orbit
scattering. This effect preserves the coherence of the two scattered waves but changes the
constructive interference into a destructive one. The characteristic time 7, is believed
to be independent of T, and inversely proportional to Z*, where Z is the atomic num-
ber. The concept of the inelastic diffusion length is of major importance in discussions of
quantum interference.

Altshuler and Aronov investigated the influence of disorder on the long-range electron-
electron interaction in weakly disordered metals. The surprising result was that a cor-
rection of the density of states § N(E) occurs around the Fermi energy[69]-[72]. This
correction for three dimensional metals with respect to the electron-electron interaction

is given by the following equation (7'=0 K) [69]

ON(E) %
= /| E, 13
No3z 4\/‘§7r2(7‘z[))3/2NO3 |Z] (13)

where A3 is the electron-electron interaction constant (A3 ~ 1), D is the diffusion constant,
and Noz is the DOS at the Fermi energy. The theory is valid for § N(F)/Ngs < 1.
The correction for two-dimensional metals[70, 71] has the following form (7' = 0 K)
(SJV(/;) /\2 ] E T0
= n :
]V()Q 472h D/Vo;;t h

(14)
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where A; 1s the electron-electron interaction constant, 7o is the momentum relaxation time,
and t is the thickness of the disordered film. The constant A, is given[71] by Ay = In(2Ak,)

N

where A i1s the thickness of the tunneling barrier and &, is the two-dimensional inverse
screening length ko = k3t /2 </{,3 = 1/€2No3/€o). The expression for A\, was derived taken
into account that the DOS of the film i1s measured by tunneling experiments. Because of
the reference electrode the interaction between the electrons is of dipole nature[71]. For
film thickness ¢ < A the constant A, is proportional to the logarithm of energy. In this
case the correction 6 N(£) has a double logarithmic form.

The critical length Lr = /hD/E determines the dimension of a film according to
the electron-electron interaction. Thus, for a given thickness ¢ of the film a dimensional
crossover occurs as a function of the energy of the electrons. For low energies the N(E)
behavior is logarithmic (Lg > t), and for higher voltages the N(F) behavior is square-
root (Lg < t). The critical energy[80] which separates the logarithmic and square-root
conductance behavior of the DOS is given by E. = 4x*h D/t

The tunneling conductance 1s an useful tool to investigate the density of states in the
vicinity of the Fermi energy. Assuming a constant DOS of the reference electrode and a
constant tunneling probability, the tunneling conductance o(V) is directly related to the
density of states V(L) of the disordered electrode: o(V)/og = N(E)/Ny, where o is the

tunneling conductance at V = 0 and Ny is the DOS at the Fermi energy[93].

2.1.3 Electron Tunneling and Electron-Phonon Coupling Function o?F(w)

Tunneling offers a unique spectroscopic probe of interactions between electrons and ele-
mentary excitations[94] such as phonons, plasmons, and magnons, etc., in solids. This sec-
tion discusses tunneling technique to probe electron-phonon interactions in solids[28, 95].

In an inelastic process, a tunneling electron with energy eV > hwy [where wy is the
frequency of any intermediate boson (excitation)], can excite, for example, a phonon.
Because such a phonon excitation provides an additional tunneling channel, it gives rise
to a linear increase in current flow for V' > hwy/e and thus a step increase in conductance
at the threshold voltage. In d*//dV?* — V, a peak results in one bias polarity and a dip
in the other polarity.

This effect is sufficiently large in tunnel diodes made of indirect semiconductors, such
as Si, Ge, interband tunneling is possible at 7' = 0 by phonon emission to conserve
momenta, so that it can be easily observed in the I — V characteristic. In direct diodes,
MS contacts, and MOS junctions, the phonon effects are orders of magnitude weaker,
appearing only as fine structures superimposed on a smoothly varying background in
dI/dV —V so that they can readily be observed by measurement of d2//dV?,

The previous section discussed the stationary state approach to elastic electron tun-

10



neling. Generally, the transfer Hamiltonian approach, which was developed originally
to explain the energy gap and the quasiparticle density of states in metal-insulator-
superconductor tunneling[96], has been most widely employed to study inelastic elec-
tron tunneling, i.e., many-body interactions. However, this section discusses an inelastic
electron tunneling on the basis of a stationary state theory of two-channel (elastic and
inelastic) processes due to inelastic excitation of bulk phonons at the junction interfaces
by Adler et al.[97], similar to a standard theory of inelastic atomic collision, as described
by Brailsford and Davis[98]. The theory can readily be generalized to take into account
other inelastic excitations such as metal plasmons at the interfaces, or oxide vibrations in
the insulating barrier. The model is illustrated schematically in Fig. 4.

It is of interest because it gives an indication, within a one-electron picture, of the
effects on the observed inelastic phonon spectra which depend specifically on the location
¢ of the electron-phonon interaction, described mathematically by a position-dependent

matrix element M (z),
M(2) = [ $1(6) ez, €)0(€) de. (15)

In this fashion, a uniform treatment of phonon generation at the edge of the electrode or

in the barrier itself becomes possible. The Hamiltonian for the system is taken as

Hinsl )= Hle )+ H )+ Hapla k), (16)

where the free-particle term H.(z) contains the barrier V(z), and H,({), with vibrational
wave function ¢(), represents the lattice vibration. The total wave function W(z,£) is

approximated as
qj(lvg) = ¢0(7’)¢0(6) G wl(m)d)l(g)a (17)

where ¢o(€) and ¢;(€) are the ground and the first excited-state wave functions of the
vibration corresponding to energies I, I,1, respectively, such that £,y — F,o = hw. The
two stationary electron waves 1y and 1, are determined by substituting (17) into (16),

which yields, setting /9,0 = 0,

He(z)po(z) + M(2)h1(z) = FEio(a) (18)
He(z)i(z) + M(2)o(é) = (F — hw)pi() (19)

with M(z) given by (15). These equations were solved by Brailsford and Davis.
Taking the interaction M(x) to be nonzero in only a narrow region of the electrode at

the edge of the barrier. Adler et al. find a transmission probability

7P =

hw hy .
’/’0|2+ (l — 1) ITIIZ()(E—}Lw). (20)

E
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The second term, when integrated over F(w) dw up to w = E/h, with F(w) the (bare)

phonon density of states, gives the inelastic assisted conductance. From (20), we obtain

the following expression

1 do 1 /L (M (w)|? wF (w) dw
— X
oo dV  2V? Jo (1 — u)/e\/’)l/l2

in which ¢ = dI/dV; o¢ is the elastic conductance evaluated at V = 0, with V the bias

; (21)

M (w)]2 is identified with the electron-phonon coupling

voltage; and the matrix element

function a?(w). Therefore, we obtain

1 do 1 eV o? (W) wF (w) dw
0o d‘/ 2V 0 (l s w/@V)
where
o’ F(w) =) o (w)Fy(w). (23)
q

The q subscripted to of Fy(w) are identified with the cone of states into which the tunnel-
ing transitions occur. The kinematical factor (1 — w/eV)_l/2 gives a reasonable account
of the peak shifts in the bulk phonon energies by inelastic tunneling. Physically, this
kinematical factor arises simply from the fact that if our incident electron flux on the bar-
rier is represented by a plane wave, exp (¢koz) of unit amplitude and the transmitted and
reflected inelastic waves are given by exp (fukz), then k;/ko = (1 — w/eV)"/?. The anal-
ysis also shows that there is a selection rule for the two-phonon processes which precludes
mixing of phonon polarization, i.e., a combination of longitudinal and transverse modes.
From the above expression, it is evident that an effective phonon spectrum o? (w) F' (w)
is involved in the d*//dV? characteristics. As one approximation of (22), we can write
the second derivative as follows :

do

T X 00D aq(w)Fa(w) o< 3 g (w) Fy(w). (24)

The approximation means that we ignore the smoothing background effect and the effect
of peak shifts by the kinematical factor. From (24), it follows that do/dV is proportional
to the spectral density of states for the excitation with energy w = ¢V, averaged over the
momenta q with a weight determined by the coupling function (and more specifically, the
“form factor”, ag(w)ei, where ¢4 is the polarization of the excitation) of the creation of
the excitation with momentum q.

[n a case, where the electrodes are dissimilar and only one has strong electron-phonon

coupling, inversion of (22) yields the formula[99]

’; (

Do
Ut
e

2 d /w V3o |dV dV
0

v’ I —
Q (w) (w) X T dw (w N C‘/)l/’z
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through which an effective phonon spectrum, a® (w) F' (w), can properly be extracted from
normal state d®7/dV? data.

It is well known that van Hove singularities arise from points in q space where V4(w)

vanishes, since F'(w) is directly proportional to the q space volume, [dq in a shell between
constant energy surfaces S, at w and w+dw[100, 101]. Since the normal thickness dk, of

the shell is given by the relation |Vq(w)| dk, = dw, one has, with d?k, = d.5,

Vv dS
Filw )= e 26
)= G b T 4t

which has van Hove singularities at critical points of w(q), points where all the derivatives

in the gradient vanish. These considerations have been carefully discussed in connection
with tunneling o F'(w) measurements by Scalapino and Anderson[102]. From the above
discussion, the density of states, /'(w) is high in regions at Vqw=0. The second derivative
d?1/dV? peaks thus correspond to the singular points at V,w=0 in the dispersion curves
which are usually located at Brillouin zone centers or edges (in some cases, intermediate
q values[103, 104]).

The interpretation of the experimental results depends essentially on the selection
rules. In the inelastic tunneling process it is necessary to satisfy the energy conservation
law[105]

E (ki) = E (k) + fwg. (27)

In addition, if the excitation of the quasiparticles is coherent, then the momentum com-

ponent tangential to the barrier should also be conserved[105]:
ke =kl & gt (28)

The above inelastic process represents phonon emission process only. It should be noted
that in the inelastic tunneling process both phonon emission and absorption process are
possible at room temperatures. However, only phonon emission process is possible at
low temperatures which tunneling experiments are usually carried out. This fact can be
easily considered as follows. The average number n of phonons with a wave number ¢ at

thermal equilibrium is given by Planck distribution:

(4) = :
T exp (hwq/kpT) — 1

Usually, the value of fiwg/kp is at least about 100 K (, which corresponds to the energy

(29)

value of 10 meV.) When we assume the tunneling experiment at 4.2 K, hwq/kpT ~ 25.
Therefore the average number n substantially becomes zero.
The conservation law for the parallel component of the quasimomentum is satisfied

only if the system is homogeneous in directions tangent to the barrier, i.e., the barrier
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does not contain random scattering centers, and the reflection of the electrons from the

boundaries between the electrode and the oxide is specular. Let us consider the excita-
tion produced either in the barrier layer itself or in the immediate vicinity of this layer.
The effective interaction with phonons will be observed only for electrons traveling at
small angles about the barrier normal direction, since the only electrons penetrating deep
into the barrier are those moving almost perpendicular to the surface of the junction.
Consequently, phonons with small g!l will be mainly produced. The polarization of such
phonons should be transverse for maximum interaction with the tunneling electrons. If
the barrier contains a large number of scattering centers then the law of conservation of
the parallel component of the quasimomentum will not hold. There should be observed
in the spectrum an intense line corresponding to longitudinal phonons. For the phonons
produced in the metallic films, in order to be able to consider the tunneling process and
the phonon emission process as simultaneous, it must be assumed that the phonons are
produced in a narrow layer of metal near the boundary with the barrier, the width of
which is of the order of A = [4%621\7(131:)]"1/2. The existence of selection rule for the
wave vector can be closely associated with the probing of the anisotropy of the electronic
structures and phonons in the next section.

Aside from the inversion of inelastic tunneling conductance above described, starting
from the paper of Svistunov et al.[106], fresh attention has been paid to the problem of
elastic tunneling between the electrodes of normal metals, as it became possible to derive
the frequency dependence of the electron-phonon coupling function from elastic elec-
tron tunneling conductance data. The dependence of the odd part of the conductance,
o_(w) = [o(w) — o(—w)]/2, on the real part of the phonon-induced electron-self energy,
N(w) = Yi(w) + i¥3(w), was postulated by Hermann and Shmid[107]'. The presence
of the self-energy-induced structure in the tunneling conductance has been corroborated
experimentally by Rowell et al.[108] and Burrafato et al.[109], and more recently by Svis-
tunov et al.[106] and Chernyak et al.[110]. Appelbaum and Brinkmann[111] suggested
that the structure observable in the odd part of the tunneling conductance is caused by
a weak momentum dependence of the self-energy or the pre-exponential factors of the
tunneling matrix element. Leavens, assuming the weak momentum dependence of the

electron self-energy, has derived a formula[112]:
o-(eV) = 00 [(Ya/1ta) 25 (V) = (m/118) B2 (—€V) = 6eV/] | (30)

Here o is the tunneling conductance in the absence of self-energy effects, g, is the
chemical potential, and v, is a constant of order unity, and § depends on the properties

of both electrodes. One may choose the two different metal electrodes of the tunnel

"The d21/dV? peaks are not inverted at £V for the self-energy effect.
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junction in such a way that o®F,(w) > o?Fy(w) in the frequency range characteristic

to @’F,(w). Assuming further that v,/u, is comparable to or greater than (v,/us), the
self-energy effects of metal b in the odd part of the tunneling conductance described by

equation (30) may be neglected. Let us define the experimental conductance, o¢*(eV), as

o =o_(eV) + aeV, (31)

where

o_(eV) = —oo(v/p)E1(eV), (32)

and the constant a contains all the contributions linear with voltage. (Notice that some
of the indices are skipped as they are no longer necessary.) Thus, having measured
the conductance of the normal metal tunnel junction consisting of appropriately chosen
metals, one can derive the real part of the electron self-energy in one of the electrodes,
providing one finds a way to eliminate the linear part of o*(eV).

The dispersion relation:

) 2 oo O5(Q) N
where
Viloo)es aA” A? = / dw o F(w), (34)
0

from which Svistunov et al.[106] derived the final equation of the inversion method, may

be immediately obtained from another dispersion relation,

d¥s(w) 2w /0\) d¥,(2) 1 K
= d$) 3¢
dw 7 Jo db) ot S0 (35)

since the derivative of an analytic function is also an analytic function. We obtain the

dispersion relation from integration by parts of (35):

dX. o0 0%,(0
Geitel, —45/ agp E A (36)
dw 7 Jo (w? — 02?)

Using the well known result for the phonon contribution to the electron self-energy,

V==

wo . |w] .
Yi(w) = /0 dv oa*F(v)In l - z7r/U dv o’ F(v) (37)

Vv 4+ w

obtained from the Eliashberg equations at zero temperature[113], and (32), (36) Wnuk
derived a formula connecting the Eliashberg function directly with the odd part of the

tunneling conductance[114, 115]:

, do (oo :
allp(w) e I w / dl/(_l/—()’_(l/)—(z. (38)
0

w? — v?)




The inversion methods allow the extraction of the frequency dependence of the electron-

phonon interaction function, a®F'(w), derived not only from the superconductive but also
normal metal tunneling conductance data, taking into account either elastic or inelastic
tunneling channel. The account of other effects may be estimated by comparison of the
functions o® F'(w) obtained from superconductive and normal metal tunneling experiments
performed on the same tunnel junction. Then, the comparison between the Eliashberg
functions derived from the even part and the odd part of the normal tunneling conduc-
tance leads us to resolve the problem of different tunneling channels in a normal metal
junction[116].

One may question the role of the “interference” term, which should appear in the
tunneling conductance together with the elastic and inelastic contributions. Ivanchenko
and Medevedev[117] together with Belogolovskii[118, 119] suggested that the tunneling
current flowing between two normal electrodes should consist of at least three terms (if

we consider only the interactions between the tunneling electrons and phonons),
I(eV) = Iu(eV)+ Le(eV) + L(eV).

Two of them are known and come from elastic (1) and inelastic (I;.) tunneling channels.
The interference (I;) contribution has the same symmetry and is of the same order as
the elastic one, but has opposite sign. The net effect on the odd part of the tunneling

conductance is that it would be weakened at higher frequencies:
’Fw) — [l —p(w)]a®F(w).

Here, ¢(w) is a smooth function, normalized to unity, that increases with frequency. Belo-
golovskii et al.[118, 119] explain the frequency-dependent dumping of the odd conductance
curve of and Al-I-Sn junction[109] by the existence of this additional term. One could
interpret the elastic and interference terms together as the partial “undressing” of the
tunneling electron from many-body interaction[120] characteristic of the bulk electrode,
which is quite convincing knowing that in the case of normal metal junctions tunneling
electrons probe only a few atomic layers of the electrodes. However, it is not clear why
the same should not be true for the inelastic tunneling process. An experiment with an
Al-I-Pb junction has shown that the low-frequency part of a?F'(w) is dumped (transverse
peak of o ['(w) spectrum of Pb). This was again explained as due to the metal-insulator
interface and short depth to which tunneling electrons probe the normal metal[97]. This
line of reasoning could lead to a hypothesis that at the surface of a normal metal the
probability weights of taking part in inelastic and elastic tunneling processes are different
for transverse and longitudinal phonons. It is probably accidental, but the ratios between

the magnitude of the transverse to longitudinal peaks in o F(w) deduced from inelastic

16




tunneling experiment[97] and elastic one[108] are exactly reversed. However, there may

be still another explanation for the rounding and change of the relative magnitude of the
electron-phonon interaction function of Pb obtained from the normal metal tunneling-

simply disorder present at the metal-insulator interface[121].

2.1.4 Probing Anisotropy of Fermi Surfaces and Phonons by Electron Tun-

neling

The elementary theory of tunneling through a potential barrier strongly favors transi-
tions with k perpendicular to the surface, into a cone of opening angle 5° — 10°[28, 122,
123]. Thus, to the extent that barrier tunneling is regarded as a direction, with most elec-
trons injected in the above cone of angle about the barrier normal direction, the confirmed
anisotropy of Fermi surfaces and phonons in real materials would be expected to produce
anisotropic energy band and phonon structures including in the tunneling characteristics.
Surprisingly, there seems at present to be no good example of this expected effect from
barrier tunneling, although such effects have been observed in a related experiment, that of
point-contact spectroscopy for Zn observed in two mutually perpendicular directions[124].
To consider anisotropic effects in tunneling spectroscopy, this section discusses an exam-
ple from superconductive tunneling, which has been most in detail investigated[125]. We
could obtain valuable information about the observation of anisotropic band and phonon
structures in tunneling spectroscopy from this consideration. Before the following discus-
sion, there is one thing to be noted. We notice that the energy gap is not tied to the
lattice - it is not, as in a semiconductor, fixed to the zone boundaries in repeated space -
, but simply occurs at the Fermi level.

The understanding of anisotropic Ak, or af (w) Fx(w) is basically based upon the

following equations[28]

A, (
Ak s Z Vk,k’ ZEI:(/ [1 it Qf (Ek')} ) (’3())
kl
N 1 dS, 2
o (w) Fy(w) = 3 / T \gk',k,/\i 0 [w LS (40)
(271—) v R ‘Vkl A

where By = (i + Aﬁ)l/Q, Ay is the k-dependent gap function, V| s is the k-dependent
attractive interaction, f is the Fermi function, vy is the group velocity, d Sk is an element
of Fermi surface area, and 9x' x.» 18 the electron-phonon coupling matrix element, which
describes electron scattering from k to k' on the Fermi surface with creation of a phonon
of energy hw, \/_, and polarization A. The quantity, a? (w) F(w) is dimensionless. Here
the k subscripted to Ak or af(w)Fx(w) are identified with the cone of states into which
the tunneling transitions occur. It is evident that the possibility of Ay being, in fact,

dependent upon the direction of k, is implicit in the above BCS gap equation if the
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interaction V| ,+ is k-dependent or if the Fermi surface (sum over k') is anisotropic. There

are two main sources of anisotropy in V| \: the electron-phonon matrix element, g, KA
and the phonon spectrum, F(w). In this meaning, the first equation is closely linked with
the second equation. Also there are several sources of k dependence in (40). These are
the phonon frequencies w, ,/_,, the Fermi surface geometry, the electronic wave iunctions,
the group velocities vy; and the electron-phonon interaction I’ o\

In the clean limit, if the angular variation of Ay is large enough, and if the barrier
growth is well behaved, measurement of Ay should be possible, with angular resolution
on the order of this cone angle, by a sequence of junctions formed on different faces of
the superconductor. In fact, several experimental results are reported[125, 126], and it is
found that preference is given to cases in which a free crystal serves as a subst.ra.te, with
an evaporated film, preferably of the same metal, as counterelectrode. This configuration
minimizes the opportunity for strains to occur in cooling from the fabrication tempera-
ture to the measurement temperature of typically 1 K, which can produce comparable gap
energy shifts unrelated to anisotropy. Thin films of the superconductor are believed to be
undesirable because microcrystals of many different orientations may be present and also
because scattering at the film boundaries and at internal grain boundaries can lead to the
dirty superconductor situation, with an averaged isotropic gap. Thick, epitaxial, single-
crystal films, in which strain is minimized by reasonable matching of thermal expansion
coefficients[126], have been used in the case of Pb and give results in good agreement with
those obtained from freestanding single crystals. This demonstrates a clear trend of varia-
tion well above the local fluctuation. However, tunneling measurements of anisotropy are
generally difficult and subject to reduction and distortion by several extraneous factors.
Reduced anisotropy is a result of scattering rapid enough to produce an isotropic aver-
age gap. Since tunneling is an inherently surface-sensitive measurement, the condition
/& >1 (I: electron mean free path, &: coherence length) may not be satisfied in the
sampled region of thickness ~ £, even though measurement of the residual resistance ratio
of the bulk specimen may imply clean conditions in the bulk. This effect may account for
the lack of tunneling evidence for anisotropy in Nb and other transition metals. Distor-
tion of measurement by strain, either uniform or random and obscuring features, is also
a severe problem in an experiment where a sandwich of dissimilar materials is required.

For the confirmed anisotropy of Fermi surfaces, which results from contributions from
different sheets of Fermi surfaces and phonons in normal, real and clean materials, the
anisotropic a® (w) I'(w) function would be expected to be produced, deduced from tun-
neling into different crystalline faces. One may ask why similar effects have not yet been

seen in barrier tunneling spectroscopy. There appears to be no consensus on this point.

The requirement of little scattering, i.e., that the single-crystal electrode be in the clean




limit, is often attained in the usual bulk sense, although it is probably more pertinent

and at the same time more difficult to establish clean conditions specifically in the surface
region of the electrode actually being sampled. The detailed nature of the oxide-metal
interface 1s also possibly relevant as a source of local strains or dissolved gases which may
produce locally dirty conditions.

An additional event arises when one consider semiconductors and semimetals with
multi-valley bands such as Ge, Si, Bi, and Sb, etc., as compared with metals. It is an
anisotropy of the intravalley scattering'[127]. For the intravalley scattering, it is known
that the transition probability or scattering by transverse as well as the longitudinal modes
are functions of the angle between the phonon wave vector q and the vector ko from the
origin of the k space to the center of the nonspherical volume. The above fact may help
us to probe the anisotropy of Fermi surfaces and phonons in a manner different than in
the case of normal metals. That is, it is likely that the change in either the intensity of
the intravalley acoustic phonon peak or the shape of the tunneling conductance occurs
dependent on the exposed crystal faces because of the different scattering cross section and
the final density of states tunneling electrons see. Probing Fermi surfaces and phonons in
multivalley semiconductors and semimetals is on the basis of the fact that the electronic
structures and the excitations of phonons are closely correlated.

In relation to the above matter, in the usual version of the electron-phonon N process,
it is assumed that electrons can be scattered by phonons with all wave vectors |q| < ¢p,
where ¢p corresponds to the cut-off frequency of the Debye spectrum (the Debye sphere
radius)[95]. This fact is well known in the theory of semiconductors, and has also been
taken into account in Frolich’s theory of superconductivity[128]; however, its consequence
for the theory of normal metals and semimetals do not particularly seem to have been
noticed. In metals and semimetals, it is only necessary to consider electrons with wave
vectors |k| = ko corresponding to the surface of the Fermi distribution. It follows that, if
2kp, the diameter of the Fermi sphere, is smaller than ¢p, the upper limit of integration
in the collision operator is 2kp, and not ¢p. In any scattering involving an electron with
wave vector k and a phonon with wave vector q, the laws of conservation of energy and
momentum require that |k| = |k £ q|. It should be noted that an electron in the state k
can only interact with phonons with wave vectors for which |q| < 2|k|[129]. When this,

the effective Debye temperature ©7, associated with the intravalley scattering is given by
& =2k lop D or Bl S he 2k, ), (41)

where kp is the Boltzmann constant and vy is the sound velocity average. The same

"Within each pocket electrons are scattered from acoustic phonons. Small wave vector phonons are
involved in this intravalley scattering. On the other hand, short wave length phonons with wave vectors

near the boundary of the Brillouin zone contribute to the intervalley scattering.
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expression 1s valid for OF.

2.2 Narrow Gap Semiconductor Antimony Telluride and Semimetal

Antimony
2.2.1 V-VI Narrow Gap Semiconductor Antimony telluride

This section describes a general property of antimony telluride used in this study. An-
timony telluride (SbyTes), like other V,VI3 compounds, is an anisotropic, rhombohedral
layer-type narrow-gap semiconductor with the symmetry R3m (D3,). The structure is
composed of alternate layers of antimony and tellurium atoms normal to the threefold
axis. It has a perfect cleavage perpendicular to the ¢ axis. It shows therefore strong
anisotropic behavior. There are five atoms per unit cell and consequently Sh,Tes exhibits
15 phonon modes for each wave vector q[130]. The conductivity is always found to be
p-type despite numerous attempts to produce n-type material by impurity doping or by
deviation from stoichiometry. The free carriers concentration lies in the range 10" — 10%°
cm (131, 132, 133]. Tt has been suggested that a wrong atom defect[134], being a natu-
ral consequence of the parameters characterizing the crystal bonds, is responsible for this
characteristic conductivity. It is considered that the hole conductivity of p-type antimony
telluride is connected with the existence of Shy, defects whose charge 1s compensated by

holes. The sequence of layers is as follows:
-Te']-[Te'-Sb-Te?-Sh-Te']-[Te'-Sb-Te?-Sh-Te!]-[ Te!-

The binding energy between Sb and Te layer is generally considered to be predominantly
covalent. The easy cleavage of the material is believed to be due to weak forces (Van
der Waals forces and possibly some Coulomb interaction) between the Te! layers. In
other words, the structure of these compounds consists of packages or sandwiches of five
layers [Te'-Sb-Te?-Sb-Te!'] with covalent bonds within the sandwiches and weak bonds
between them. The arrangement of the crystal section is shown in Fig. 5. For clarity,
only three atomic layers are depicted: the layer Te', Sb, Te?. The next Sb layer has the
same arrangement as the Te! layer and the following Te? layer is of the same type as the
Sb layer shown. The atomic planes forming one five layer stack are thus arranged in an
ABCAB pattern. The bonds shown in the figure are drawn with respect to Sb.
According to Drabble and Goodman[135], the V-VI' bonds show more ionicity whereas
the V-VI? bonds have a covalent character. Horak, Stary, and Klikorka[136] have car-
ried out a quantum chemical calculation of bonding parameters in antimony telluride.
Their results are in agreement with the qualitative ideas on the bonding by Drabble and
Goodman. Their calculations show that higher bond polarity corresponds to shorter in-

teratomic distances and also shorter distance between the atomic planes. Sb atoms carry
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Figure 5: Illustration of the first three atomic networks in layer compound semiconductor

SbyTes. The bonds shown in the figure are drawn with respect to Sb atoms.




a smaller positive charge than Bi atoms; in antimony telluride crystals there is a weaker

shift of the electron density towards Te! and Te? than in bismuth telluride. Furthermore.,
electrostatic repulsion between the layers takes place in antimony telluride to a smaller
degree. Hence one can expect a smaller width of the van der Waals gap in antimony tel-
Juride. It was shown[137] that in more ionic crystals, i.e., in crystals with a higher bond
polarity, the probability of formation of antisite defects tends to be low. A comparison
of the concentration of AS defects in SbyTe; and BisTe; confirms the correctness of this
view; the crystals prepared from stoichiometric melts show the following concentrations of
antisite defects [Sby,] (p-SbaTes) = 8 x10' cm~2, [Big,] (p-BizTes) = 1 x10'° cm=3. The
markedly higher concentration of AS defects in SbyTes compared to BiyTes, is intimately
connected with the bond polarity. Contrary to the situation in Bi,Tes, the charge of Te?
in SbyTes lattice is positive. This circumstance characterizes expressively the differences
in the behavior of SbyTez and BiyTes. In relation to this, it is also suggested[134] that
the lowest obtainable impurity concentration is the wrong atom defect level, and that the
V-VI compounds are necessarily heavily doped semiconductors because group V atoms
appear on tellurium lattice sites and tellurium atoms appear on group V atom lattice sites
(wrong atom defects, or antisite defects).

No clear picture of the band structure of the material has so far been reported. Since
the optical and electrical energy gaps agree within experimental error, one would expect
the minimum of the conduction band and the maximum of the valence band or bands to
occur near k = 0 in momentum space[134].

Next, let us discuss a few points about important features in narrow gap semicon-
ductors. Narrow gap semiconductors are characterized by some distinct features[138].
Experimentally, they are more sensitive to external influences, such as temperature, mag-
netic field, electric field, and deformation, than the standard semiconductor materials.
Theoretically, they require a description, which is closely analogous to the relativistic
quantum mechanics. The electrons in a narrow gap semiconductor combine features of
free particles (continuous spectrum) and those of atomic state (energy gap, spin-orbit
interaction). This combination results in a variety of new physical phenomena. The small
effective masses inherent in narrow gap semiconductors make them the obvious candidates
to observe quantum confinement effects at larger dimensions than in materials of larger
effective mass and wider gap[139, 140]. Perhaps, the most unusual features of narrow gap
semiconductors are found in their surface and interface properties. For wider energy gap
materials, many of the relevant energy positions for interfaces are in the gap. For exam-
ple, the position of the metal Fermi energy at metal-semiconductor interfaces is typically

located well inside the energy gap of the semiconductor, leading to the typical Schottky

barrier behavior. With small energy gaps, the possible locations of these energies within
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the gap are more restricted because of the narrow gap, leading to some rather unusual

positions for the interface energies.

Three-level band model describes quite well the general properties in isotropic narrow-
gap semiconductors such as the conduction band in InSb-type semiconductors which are
cubic materials with band extrema at the I' point. It should be particularly noted that
we do not have any model which can describe anisotropic V-VI materials such as Sh,Tes
in this study. There are three important features resulting from this model: 1) electron
and hole £(k) dispersion relations are nonparabolic, 2) the wave functions are miztures of
s-like and p-like periodic components, 3) the wave functions are miztures of spin-up and
spin-down states.

In absence of a magnetic field H and a static scalar potential U(r), the resulting F(k)

dependence can be obtained from the famous Kane equation[138, 141]

E'(E'+E,) (E'+ E, + A) — 52 (E’ +E, + -}.x) =0, (42)

where A is the spin-orbit splitting of valence bands. From (42), it is possible to define
the dispersion relation of interacting bands. Here I’ = E — Ey = E — h*k?/2m,. The
conduction band is strongly nonparabolic, and the band of heavy holes is flat in this
approximation.

In the particular case where m, < mg (m.: the effective mass at the conduction band
edge) and A > F,, i.e., in the two-band approximation, a simple relation between k and
I 1s obtained from (42). It has the following equation
EY B k2

EFll4+— | = \
+Eg Vs P

(43)

One solution of this quadratic equation yields the conduction band, and the other the
light hole band. For £, > F, (43) is reduced to the dispersion law of the standard, i.e.,

parabolic conduction band.

2.2.2 Group V Semimetal Antimony

Most of the properties that distinguish the group V semimetals including antimony
used in this study from the less exotic metals or semiconductors are due to their particular
crystallographic structure. This structure, which exhibits a rhombohedral A7 crystal
structure, with a = 4.5067 A and a = 57.1075° of R3m point group, may be considered
as a slightly distorted cubic one, and this distortion is responsible for the small overlap
between the conduction and valence bands (Fig. 6). The A7 structure, which it shares

with bismuth and arsenic, may be regarded as derived from the sodium chloride structure

(in which both the “sodium” and the “chlorine” sublattices are occupied by antimony) by
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Figure 6: Comparison of the band structure of semimetals with that of other solids at




two consecutive distortions. The first, a small extension along a body diagonal, reduces

\

the thombohedral angle « to below the value of 60° which it has in the cubic case. The
second distortion involves moving one sublattice relative to the other along the same body
diagonal. The rhombohedral unit cell contains two atoms, one from each sublattices, and
although neither of these atoms remains on a center midway between them, and this is
conventionally taken as the origin of the unit cell. The two atoms in the cell then lie at
+ (ua,ua,ua), in rhombohedral coordinates, where the distortion parameter u = (.23349
for antimony, instead of 0.25 in the original cubic lattice. Of the cubic symmetry, the
lattice retains only one trigonal symmetry axis (the axis of extension), perpendicular to
which lie three equi-spaced binary axes, each of them perpendicular to a mirror plane.

For antimony, the fifth Brillouin zone overlaps the sixth: about 10~3 electrons/atom
spill over into the conduction band to leave an equal holes in the valence band. (The
Fermi energies of electrons or holes are specified with respect to the energy extrema in
the corresponding electron and hole carrier pockets as indicated in Fig. 7.) The departure
from cubic symmetry is more pronounced in antimony than in Bismuth, resulting in a
larger carrier density in antimony than in bismuth.

A common alternative description of the lattice is in terms of a hexagonal unit cell with
the ¢ axis along the rhombohedral [111] direction (Fig. 8 (a)). There are two possible ways
of choosing the direction of the positive a axis, because of the inequivalence of directions
at equal and opposite angles (# 90°) to the ¢ axis in each of the mirror planes. The
hexagonal representation shows that the A7 structure is lamellar in the same way as in
antimony telluride.

Since the direct lattice of antimony is a slightly extended face-centered cubic lattice
with a basis, the Brillouin zone is a slightly squashed version of the fcc zone (Fig. 8 (b)).
I'T" is the trigonal axis, and only the faces in which points 7" lie are regular hexagons, while
the faces containing points L and X are compressed hexagons and rectangles, respectively.
To make a choice of axes consistent with the direct lattice system, the z axis coincides
with one of the binary axes, and the y axis lie in one of the mirror planes, such that the
directions I'X fall in the second and fourth quadrants of the Y Z mirror plane. The pockets
of electrons are located at the L points of the Brillouin zone whereas holes are located at
the six equivalent H points. The Fermi surface of the group V semimetals is known with
great accuracy at low temperatures and have been reviewed extensively[142, 143, 144]. In
antimony it was found to consist of two (electrons and holes) sets of closed, somewhat,

warped, prolate ellipsoids that encloses only a small part of the total Brillouin zone

volume. Their sizes, locations, and tilt angles in momentum space have been correctly

determined (Table 1.)[145, 146, 147].
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Table 1. Band parameters for carriers in antimony at liquid helium temperatures. Of the parameters listed, ¢. and ¢, are

the tilt angles of the electron and hole ellipsoids respectively, N, is the number of valleys in the Fermi surface.

My, Myl My are expressed in units of mg.

carrier m my m oy Pe(2 — 21) Pr(3 — 2I) Er e Ny
type (deg) (deg) (meV) (x10'"%cm~—3)

electrons 0.093 1.14 0.088 -4 - 93.1 5.45 3
holes 0.068 0.92 0.050 - o3 84.4 5.45 6

One important thing to take into account in the study of semimetals is the relative
magnitude of kg7 with respect to Er, and Epy, the Fermi energies for electrons and holes,
respectively. This will determinate the degree of degeneracy of the carrier statistics. For
antimony, one may reasonably assume that Fermi energies of antimony Fp. and Fpy, are
much greater than kgT below room temperature and thus use fully degenerate statistics
to describe the situation.

The dispersion relations for the conduction and valence bands of antimony are parabolic.
This means that the ellipsoidal isoenergetic surfaces in k space are described by the well-

known relation

E(k) = (h*/2mo) km™ 'k, (44)

where [ is the energy, mg the free electron mass, and m~! a symmetric dimensionless
reciprocal effective mass tensor. Since the principal axes of the 1soenergetic surfaces are
usually tilted with respect to the crystallographic axes, one should specify the frame of
reference for m™', that is either the crystallographic axes or the principal axes of the

energy surfaces. In the latter case, one may write

my 0 0
m'=| 0 my 0 , (45)
0 0 my

where m s, my,my are the components of the effective mass tensor expressed in units of
mg. In Table 1., the effective masses of antimony are given at 0 K.

As described in the previous section, it was realized by Sondheimer[129] that intraval-
ley electron-phonon interactions in semimetals should be different from those in ordinary
metals. Energy and momentum conservation requires that electrons interact with phonons
of wave vectors q < 2kp, where k is the Fermi wave vector. Since in momentum space
the Debye sphere is much larger than the Fermi surface at high temperatures (7" > 0p,
where 0p is the Debye temperature, 211 K for antimony ), the electrons will interact with
low energy phonons, as opposed to the thermal phonons of energy kglp which dominate
the scene above . In fact, the important parameter here is not the Debye sphere, or the
corresponding temperature 0p, but instead an effective temperature for carrier-phonon

interaction 0%, which is given in (41). Because the Fermi surfaces are highly anisotropic in
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the degenerate region, so will be 0%, and the interacting phonons will be entirely confined

in an ellipsoid in momentum space, with semi-axes of twice the length of the semi-axes
of the Fermi ellipsoid of the charge carriers with which they interact.

For the electron-phonon scattering in Sb, the scattering by the charge carriers is of
the form[148] 77! = 67, '+3771; 7,7 is the scattering relaxation frequency due to the hole
carriers contained in one of the hole Fermi pockets and 7! corresponds to the electron
carriers of an electron pocket. There are six hole pockets and three electron pockets in
antimony which contribute independently to the scattering as long as the ¢’s are small
enough not to scatter carriers from one pocket to another (intravalley scattering). Under
isotropic and quadratic energy distribution, the Fermi pockets of holes and electrons are
spheres of radius k. and k; given by k. = (37r2%n)1/3 and kj, = (37r2én)1/3. With these
values and with v, = 2.5x10° cm/sec[148], the different electronic parameters are k;, =
6.4x10° cm™, k. =8.1x10% cm™; ©F ~ 24.4 K, O ~ 30.8 K. Blewer et al. have measured
the lattice thermal conductivity in antimony. They observed that the dramatic increase
in the lattice thermal conductivity above 1.5 K was due to the predominant contribution
of “peripheral” phonons (¢ > 2kr). An effective scattering Debye temperature of ©* ~ 25
K they obtained, was close to the value calculated for ©,. The fact that the experimental
points seem to span a spectrum of values of © ranging from about 20 to 30 K is in
agreement with the qualitative considerations for the anisotropy of the pockets and the

existence of two bands of charge carriers.

3 Experimental Techniques

Jeder Satz, den ich schreibe, meint immer schon das Ganze, also immer wieder dasselbe und es sind gleichsam nur Ansichten

eines Gegenstandes unter verschiedenen Winkeln betrachtet.

L. W. Wittegenstein

3.1 Fabrication of Au-SbyTes;-Al and Al-Al Oxide-Sb Tunnel

junctions

The substrate used in this study is the micro cover glass (dimensions about 18 mm x 32
mmx0.15 mm, MATSUNAMI GLASS IND., LTD). An adopted cleaning procedure in-
volves washing the slides in a neutralizing solution of concentrated sodium hydroxide.
After which the substrate is rinsed in a continuous flow of distilled water. The substrates
are then cleaned by ethanol using an ultrasonic bath. The slides are then rinsing with
ethanol and storing under ethanol ensuring that at all times the slides are immersed. Any
handling of the slides is done with tweezers. Before use the slide is dried quickly using

lint-free wiper (BEMCOTLABO, ASAHI KASEI), and then the slide is mounted in a
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substrate holder in the bell jar.

Prerequisite requirements for the vacuum evaporator are to prepare very clean surfaces
and to keep them clean during their exposure to the vacuum system. First, ULVAC EBH-
6 evaporator was used to fabricate junctions; however it was found[149] that the quality of
inelastic electron tunneling spectra obtained was severe, which is due to oil contamination
from the constituent pumps. A good choice is the British Edwards evaporator model
AUTO 306, to which some modifications can be made to enable the fabrication of the
tunnel junctions to proceed without exposing the junction to room atmosphere. Figure 9

illustrates the evaporator bell jar used in this study. These modifications are:

1. The installation of four position turret source which allows four different sources to
be sequentially selected. Each source is selected by rotating an externally mounted
control knob which drives via a rotary shaft seal and chain drive, the base plate
mounted turret. The use of this accessory allows the build of tunnel junctions used

in this study.

2. The introduction of the substrate holder which retains cove glass slides in a fixed

position, i.e., about 15 c¢cm directly above the filaments.

3. The introduction of a suitable masking system made from a thin aluminum sheet

to allow the movement of evaporation masks while under vacuum.

4. The introduction of a radiation heater to heat the substrates up to 250 °C. As is
described later, this heater allows to anneal as grown Sh,Tes thin films at desired

temperatures.

The vacuum system under this study consists of an oil diffusion pump (Model EO4/
160K) which is backed by a standard 163 ¢/min single stage rotary pump with an oil mist
filter through a forline (activated alumina) trap. The vacuum system incorporates liquid
nitrogen trap before the diffusion pump, together with Santovac 5 fluid in the diffusion
pump. The majority of organic contaminants to the films result from the diffusion pump
oil. For this reason Santovac 5 oil is used as it has a very high boiling point and hence
a correspondingly low vapor pressure (1072 Torr), and will produce a vacuum which is
suitable for the growth of clean surfaces. In addition if films of Santovac 5 are accidently
adsorbed onto the work chamber surface, they are easy to remove, since Santovac 5 only
contains carbon, hydrogen,, and oxygen. It is interesting to note, that Santovac 5 has an
unusually high thermal and oxidation stability, and although it may discolor with use it

does not affect its operation. Also, it has little tendency to increase its viscosity, which

means that there is less chance of overheating and thermal degradation.
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The glass slide is placed in a sample holder in the evaporator bell jar, above a triple

mask (Fig. 9) which has three positions which correlate to the three stages in the fabri-
cation: the first position allows the lower long strip of gold (aluminum) to be evaporated:
the second position allows the antimony telluride to be grown; the third position allows
the aluminum (or antimony) cross-stripes to be deposited.

Au-5by Tez-Al tunnel junctions: Au-SbyTes-Al tunnel junctions were prepared by the
layer-by-layer deposition of thin films without breaking a vacuum (Fig. 10 (a)) A gold
film of 500 A thickness was condensed onto a micro cover glass as a base electrode from a
three stranded tungsten filament. The gold wire used is 1.0 mm in diameter and of 99.95
% purity. The gold wire is wound round the filament and doubled over on itself, so as to
provide enough starting material. Before the mask is opened, a small amount of the gold
should be evaporated to prepare a clean film. The rate of evaporation and the thickness
of film was monitored with a quartz crystal film thickness monitor (EDWARDS FTM5).
The rate of evaporation is typically about 10 A /sec.

After deposition of the bottom electrode, the evaporation mask is moved to the second
position, uncovering the gold film and evaporating antimony telluride. A 750 ~ 1150 A
thick SbyTes film as a tunnel barrier was formed on the Au electrode by flash evaporation
from a tantalum boat using pellets of SbyTes of a stoichiometric mixture of high-purity
(99.999 %) antimony and tellurium. The rate of evaporation was about 50 ~ 100 A /sec.
As an as-grown ShyTes thin film prepared at room temperature is known to be amorphous
and to crystallize upon heating at about 350 K, the film was annealed at 393 K for 1
hr in a vacuum. The structure and composition of as-grown and annealed Sh,Tes films
were confirmed by X-ray diffraction (RIGAKU DENKI: Geigerflex RAD-3C) and electron
probe micro-analysis (EPMA, JEOL: JEM200CX).

After cooling down to room temperature, the tunnel junction was completed with the
evaporation of a 500 ~ 1000 A thick Al metal electrode from a tungsten wire on which 6
pieces of aluminum sheet is wounded. The aluminum sheet used is 0.1 mm in thickness
and of 99.999 % purity. The rate of evaporation is 10 A/sec. The junction area was
0.04 mm? The base pressure at which the procedures are carried out is fairly important
since the quality of the film depends on background pressure. During the evaporation and
annealing process the pressure was was lower than 5x 107 Torr. Junctions prepared in
this way had tunnel resistance in 400 — 800 . The tunneling conductance was measured
at 4.2 and 77 K. The resistances of good junctions were rapidly increased with decreasing

o

temperatures and the parabolic characteristics were observed in a wide bias region at both
4.2 and 77 K.

Al-Al oxide-Sb tunnel junctions: Antimony has both covalent and metallic characters,

and therefore the crystallite orientation of the films can be considered to be strongly
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affected by the evaporation rate. Therefore, as preliminary experiments, antimony films

of 1000 A in thickness were evaporaled with different evaporation rates (0.1 ~ 1000 ;\/scc)
on aluminum oxide layer, resulting [rom Al deposited on the micro cover glass substrate
and kept at room temperature, to investigate their structures by X-ray diffraction. Al-Al
oxide-Sb tunnel junctions were prepared by evaporation at a pressure below 2x107° Torr.
The fabrication procedure of this type of tunnel junctions is shown in Fig. 10 (b). First,
an Al (99.999 %) stripe of 1000 A thickness was condensed at a rate of 10 A/sec on a
micro cover glass substrate at room temperature from a three stranded tungsten filament.
The aluminum sheet used is 0.1 mm in thickness. The shape of aluminum wounded on the
wire is similar to that of Au-Sby_,Te,-Al junctions. Subsequently, after the evaporation
mask 1s moved to the second position, the Al was oxidized in laboratory air. For the
oxidation of aluminum, laboratory air is introduced into the evaporation chamber. To
grow an oxide barrier on aluminum, air exposure requires about 30 sec.

On exposure to the atmosphere, a freshly deposited aluminum surface would immedi-
ately form an amorphous and highly transparent oxide. It has been reported by Hass[150]
that the oxide will initially grow rapidly to a thickness of 15-20 A; further growth occur-
ring slowly until a limiting thickness of 45 A is achieved, this takes usually about one
month. A greater thickness can only be achieved, if the aluminum film has been slowly
deposited to promote formation of a granular structure. The order of thickness for this
type of layer is 90 A.

Finally, an antimony (99.999 % purity) film of 1000 A thickness was usually evapo-
rated on the Al oxide at the rate of 0.1 ~ 1000 A/sec from the tantalum boat. For the
preparation of inhomogeneous Sb films a higher evaporation rate (> 1000 A /sec) was cru-
cial. An optical microscope and X-ray studies confirmed that the film is inhomogeneous
and that it is constituted from random mixture of crystalline and amorphous spot regions.
The above procedure produces a sample of a usable resistance, typically 50 — 200 §2. The
quality of the junction was checked by observing the superconducting energy gap struc-
ture of the Al and by the Sb phonon structures. The above fabrication processes are such
that a set of three junctions are prepared simultaneously. This crossed strip geometry, of
the tunnel fabrication permits a four-point probe investigation of the junction.

Copper wire electrical leads (500 gm in diameter) are attached to each of the bottom
and top films of the junctions, using silver paste (FUJIKURA KASEI CO., LTD). The

other sides of wires are attached to the plugs on the sample holder.

3.2 Junction Evaluation

Once the junction fabrication is complete, the tunneling experiment should be carried

out as soon as possible in order to avoid deterioration of the junction particularly after




it has been removed from the vacuum system. The junction can usually be preserved

indefinitely at liquid nitrogen temperature, but frequent thermal cycling may destroy it.

After fabricating junctions with a resistance suitable for measurement it is important to

examine them closely before time and effort is expended in taking and interpreting detailed

derivative plots. Junctions should therefore satisfy the following criterial151. 152. 153].
I Y g ;

1

Junctions of different areas can be evaporated simultaneously. Upon cooling to
liquid nitrogen temperature, the junction resistance should be proportional to area

within + 20 %.

When the junction is cooled to liquid helium temperature, its resistance should

increase only slightly.

At 1 K, when one electrode is in the superconducting phase, the conductance at
zero bias should be 1072 of the conductance observed when the superconductivity
is quenched by application of a magnetic field. And below the critical temperature

T:, an energy gap structure should be also observable in a good junction.

If both electrodes are in the superconducting phase, then the cusp in the [ — V
characteristic at (Ay — A;) should be quite sharp and the negative resistance region

from (Ay — Ay) to (Ay + Ay) should be well defined.

For junctions with electrodes in the normal state, the conductance should follow a
parabolic dependence on voltage. This is a reasonably good test of tunneling and
can also test a junction to fairly high voltage as compared to the superconducting

characteristics, which are observed only at low voltages.

Structure in the second derivative curves due to phonon excitation in the electrodes
and the barrier should also be observable in a good tunnel junction. For example,
junctions of the type Al-AlO,-M should show a strong peak at 120 meV, which has

been identified with the OH bending mode in aluminum hydrate.

One expects for tunneling voltage V — 0,

'/TClQ/*CBT
sin ('/TC'M)ICBT)

G(T) = G(0)
with Co as a parameter characterizing the tunneling barrier.

If the lead electrodes are used and in the superconducting states, the / —V character-
istic exhibits a tunneling structure corresponding to the superconducting energy gap
of lead. We define the junction quality in terms of Q = 1001 — (I — Igcs) [ 1a)[154],

where Iy and Ipcs are the measured and the theoretically predicted values of the
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junction current, respectively, at 1 mV and 7'=1.8 K. /,,,, is the current at V=1 mV

in the normal state of lead. We require the quality Q larger than 85 %.
| | 3 g

9. If superconducting electrode is in the normal state, the tunneling characteristics
do not depend on the magnetic ficld above the superconducting critical field of the

material.

The quality of Au-SbyTes-Al and Al-Al Oxide-Sh tunnel junctions was verified by the
above criteria (2), (5), and (2), (3), (5), (6), respectively.

3.3 Measurement Cryostat

The sample holder and a stainless steel tubular probe used in this study, are shown in Figs.
11 (a) and (b), respectively. The samples prepared are mounted in the sample holder,
which constitutes of a modified printed circuit board[155] with terminal spacing of 15 mm.
The sample holder is designed to fit down the the liquid helium storage dewer with an
internal neck diameter of 36 mm. Three junctions are connected with the sample holder
by eight small screw clamps. Electrical connections to the tubular probe (approximately,
1 m long) are made via modified IC connectors. The modification of the IC connectors
is achieved by the careful removal of surplus plastic and by bending the connected pins.
Such an arrangement provides a convenient and effective cryostat for work at 4.2 K. The
use of modified IC connectors provide a holder which is very easy to use and makes the
technique of tunneling spectroscopy much more convenient for routine analysis work by
facilitating rapid four-terminal measurements on each of three junctions. Indeed, the use
of this holder reduces the time during which junctions are exposed to room air to about
10 mins. BNC connectors for coaxial cables for tunneling and temperature measurements

are equipped with the top flange of the tubular probe.

3.4 Derivative Measurement Circuit

The use of tunneling spectroscopy to probe the physics of solids is facilitated by the
derivative techniques. Singular points at energy gap edges, various elementary excitations,
or other threshold behaviors are manifested by a break in slope of the I — V characteristic
of the junction. Since the additional current is often slight to the point of invisibility,
derivatives of the I — V curve are taken to enhance observation of the threshold voltage.
In the study of tunneling behavior there are three characteristics that are measured in
order to obtain information on the fundamental tunneling process. There are: (1) I versus
V, (2) the tunneling derivative conductance dI/dV versus V, and (3) the derivative of
the conductance (tunneling derivative spectra) d?7/dV? versus V. The purpose of the

present section is to describe measurement technique to obtain the dV /d7 and d?V /d[?.
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3.4.1 Modulation Technique

The requisite derivatives of the / — V' curve can be obtained by suitably processing
the I — V' curve electronically or with a computer. However, the more usual way is by
modulating the current through or the voltage across the junction which has a (weakly)
nonlinear I — V' characteristic. This gives rise to an alternating signal which, because
of the nonlinearity, contains harmonics of the fundamental frequency, the magnitudes of
which are proportional to the derivative of the characteristic as seen later. The basic
measurements desired in tunneling experiments are the I — V curve, the dynamic con-
ductance d//dV and the second derivative spectra d*I/dV?. However, for reasons of
sensitivity and simplicity (one needs a very low impedance source to measure the dl/dV
and d*7/dV? curves and such systems are quite sensitive to pick up of stray signals from
the environment), most spectra have been obtained using instrumentation which gives
the derivatives dV'/d/, the dynamic tunneling resistance, and the derivative d2V /d [
Theoretically, the voltage derivatives are directly related to useful physical quantities in
tunneling experiments, such as the superconducting density of states, phonon density of
states, and inelastic tunneling matrix elements. Also, tunnel diodes and tunnel junctions
with both electrodes superconducting have negative resistance I — V characteristics. For
each value of voltage there is one value for the current, whereas for a given value of current
there is more than one voltage value. With constant current circuitry, instabilities and
oscillations can occur in the negative resistance region. However, experimentally, some
difficulties may be met for tunneling experiments with a voltage source.

For a constant voltage circuit (Fig. 12 (a)), the shunt resistor Rg is chosen to be
much smaller than the dynamic resistance of the junction Ry. The junctions must be
of relatively high resistance to satisfy Rs < Ry, or if Ry is small (a few ohms), one
needs a very low impedance source and such systems are likely to pick up of stray signals
as described above. Blackford[156] has noted that the resistance of the leads from the
Junction to the supply can be larger than the junction resistance, thus presenting a high
impedance to the junction regardless of the impedance of the source. The requirement
that the sensing resistor Rsp (which is smaller than Ry) limits the voltage developed
across the junction and generally presents some impedance matching problems with the
signal processing circuitry. These reasons probably account for the fact that current source
types have been more widely used. When it is desired to measure dI/dV or d?1/dV?, the
commonly used procedure is not to measure these quantities directly but rather to measure
the dV' /dI and its derivative d*V/ /dI?, and then use these values to calculate dI/dV or
d*I/dV?. The derivatives are related by the identities d//dV = 1/(d V/dl) = 1/G and
d*I/dV? = - G*d*V /dI? *. The method of measuring d1/dV or d?1/dV? suffers from the

*d2] /d V2 = (d/dV)(dI/dV) = (dI /dV)(d/dD)[1/(dV /d])] = - G3(d2V /dI2).
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(b)

Figure 12: Simplified (a) constant voltage and (b) constant current circuits.




fact that 1t is less sensitive than a measurement of dV' /dI and d*V /dI?. Since both dV /dI

and d*V /dI? can be obtained, the inversion to G and dG'//dV can be obtained using ratio
or computer techniques. Jennings and Merrill[157] made a comparison of a tracing of
original data for d*V/dI?-V to a tracing of a computer reduced curve of d*1/dV3-V.
The striking similarity of the curve shapes justified the use of d?V/dI? data.

Consider a simplified high-impedance constant current circuit in Fig. 12 (b). Con-
stant current conditions are usually approximated by applying ac and dc biases through
series resistor R whose value is chosen to be much larger than the dynamic resistance of
the junction Ry (R > Rp). The equivalent resistance R includes a term representing
the impedance of circuitry processing the signal across Ry. R > Ry implies that this
impedance must be high, which for very large Ry is a difficult requirement to fulfill. How-
ever, most junctions reported in the literature had Ry < 10 k2 which does not present
much of problem. Since signal levels are often less than 1 £V, especially in the detection
of inelastic tunneling, care must be taken in shielding and properly grounding the system
components to keep the noise at a low level.

The bias current Jy and modulation current amplitude § are effectively constant as
the tunnel resistance Ry changes, i.e., the current is essentially constant and determined
by R. The change in Ry will be reflected as change in the voltage across the junction.
Referring to the schematic / — V' curve in Fig. 13, we see that for a given Iy and §, the
voltage developed across the junction is in general not a pure sin function but, on Fourier
decomposition, can be seen to contain higher harmonics of the modulation frequency,

w/2m. The voltage across the junction can be written in a Tayler series expansion as

V(I) = V(lo+ 6coswt)
dV 1d*V

Sicoswt b = E Cos% wit g v e

dl s 2 dI? o

dV 1 d?V

dcoswt + ———| 8*(1 + cos 2wt) + - - (46)

dl Is 4 dI? Is

= V(lo)+

= V() +

From this it can be seen that the voltages, proportional to the derivatives,

Vo = .G 4 6 cos wt (47)
w = C— ; COS w ‘
d*V
Vo = C a7, 6% cos 2wt (48)

are available across the junction and can be obtained using a lock-in amplifier. As is
obvious from (48), the second harmonic term can be detected by the lock-in amplifier at
the reduced signal levels for smaller modulation current amplitude.

The broadening at the singular points in the tunneling conductance, or the line width

broadening in the second derivatives is determined by thermal broadening, modulation
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broadening, electrode (density of states) eflcets, and natural width (life time) of various

excitations[158]. No analytic expression is available for this natural width since it is a
complex function of the tunncling clectron-clementary excitation matrix element, barrier

~

heights, and shapes. Thus the cffects subject to experimental control are focused attention
on.

Thermal effects: For normal metal clectrodes at finite temperatures, there exist filled
electron states above and unfilled clectron states below the Fermi level Ep. As a con-
sequence, the bias voltage required to cause an arbitrary elementary excitation or other
threshold effects may be greater or less than hwg/e or I, (I,.: band edge energy) depend-
ing on the energy of the initial and final electron states measured with respect to their
Fermi energies. Of course, the initial and the final electron states have values distributed
according to f(F) and [1 — f(/,)] where f(F) is the Fermi function. Thus there will
be a range of bias voltages over which transitions to threshold voltages or the inelastic
channels “turn on”.

Modulation Broadening: As is clear from Fig. 13, small features on the I — V curve
would be averaged over if the modulation amplitudes were large. In fact, for reasonable
resolution the modulation amplitude é should be a fraction of the width of the feature to
be resolved. From (48), the signal is seen to be proportional to 6? so that signal to noise
decreases as 6. Often a compromise must be made between adequate signal and high
resolution. RMS modulation levels of the order of 0.5 to 2 mV are typical in the literature
for the observation of the second derivative spectra. It is essential that the amplitude of
the modulating signal be kept low in order that the only smearing in the characteristic
be that due to thermal smearing. It should be noted that the thermal energy k7T at 1 K
1s 86 1V rms.

Electrode effects: The use of one or the both electrodes provide a number of benefits.
To determine whether the transport mechanism of electrons carried by the junction is
tunneling (as opposed to that carried by shorts or bridges between electrodes) one looks
at the I—V or derivatives - V curves near zero bias. The sudden rise in current at V = Ale
results in a strong structure in d//dV. Similarly, d27/dV? has an intense feature at Ale
rising from the onset of tunneling. Second the resolution is improved due to a significant
reduction in the thermal smearing at the Fermi level. The number of electrons thermally
excited across the gap is governed by the Fermi distribution which, in the tail, is (roughly)
the Boltzmann distribution e (E+2)/*T \where F is the electron energy. At 1 K A may
be 10 to 20 times kT, so that effectively there is a sharp boundary in energy between
filled and unfilled states. One can say crudely that the gap cuts off the tail of the Fermi
function. There is a second effect of importance and that is superconducting density of

states Ng at the gap is very large and sharp as given by Ng = Ny |E| /(£? — A?)Y/2. Ny
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is the normal state density. Since the number of states in a very small energy range at

the gap edge is so very large for £ ~ A, tunneling into these states dominates and results
in a very sharp second derivative shape. Note that there is also change in line shape
with the drop following the sharp peak. Thus, when the electrodes are superconductivity,
the onset of the inelastic current occurs over a much narrower range than for normal
electrodes. Giaever et al.[159] have reported an increase in resolution by a factor of 5 in
going from normal to superconducting electrodes. For Sn-Sn oxide-Sn junction measured
at 0.3 K the width of the onset was 0.003 meV which is to be compared to 0.15 meV with

electrodes normal.

3.4.2 Filter Network Type Tunneling Spectrometer

This section describes a rejection-selection filter network tunneling spectrometer used
in this study in detail, including some details of the design of the circuit, its performance,
and the construction of its essential.

A rejection-selection filter network type tunneling spectrometer has originally been
used by Thomas and Rowell[160] for solving the problem of measuring specifically the
superconducting second derivative, at high resolution. A clever alternative strategy due
to Thomas and Rowell is to build passive resonant circuits to assist in the selection and
amplification of the required signal. The Thomas-Rowell circuit contains two meshes: an
input mesh feeds the fundamental signal w to the junction and simultaneously suppresses
the transmission of any second-harmonic content from the source, while the second mesh
also transforms the impedance level from the low value of the junction to the high value
of the preamplifier input. A great merit of this approach is that sufficient gain may be
achieved, before the signal enters the active amplifier circuitry to reduce noise insignificant
in the detection process. The present design draws on the Thomas-Rowell idea but in
combination with high-impedance elements in some parts of the circuit, and furthermore
with a computer data acquisition system. In practice the circuit turns out to be robust
in so far as it may be operated successfully in quite noisy environments and the quality
of the spectra is not significantly degraded when the circuit is interfaced to a desktop-
computer-control data acquisition system. Also it is sensitive enough to be used with the
very low modulations (~100 pV peak to peak) which are essential when detailed spectral
line shapes and width are being studied at helium temperatures.

Circuit Description: The circuit applies a 50 kHz modulation current to the tunnel
Junction in parallel with DC bias which is slowly swept during the taking of a spectrum.
The choice of 50 kHz as the fundamental frequency, with detection at 50 or 100 kHz,
follows Lambe and Jaklevic[40], who noted qualitatively that junction noise falls off with

increasing frequency, while frequencies above about 100 kHz lead to capacitive currents
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which cause increasing difficulty. The 100 kHz range is also optimum from the point

of view of noise figures in typical amplifiers. The DC bias is monitored on the digital
voltmeter (HP-3478A) and from there is fed to a microcomputer (NEC PC9801RA) and
stored while the amplitude of the ac voltage signal appearing across the junction at 50 or
100 kHz 1s fed through a preamplifier and lock-in amplifier to the same microcomputer
and stored on it.

A complete circuit used in tunneling spectrometer is shown in Fig. 14. In order to
minimize ground loop problem, a modified DC bias sweep circuit as in Fig. 15, which
Rogers originally designed[161], is used as the source of the DC bias current. This circuit
can change sweep time in a wide range by selecting R and C. A fine adjustment of sweep
time can be performed with 50 k@ potentiometer. 470 uF'x2 capacitors are inserted
at the final output of operational amplifier (BURR-BROWN, OPAL111) to reject higher
frequency noise. The circuit provides the sweep and, depending on the resistance of
the sample, an appropriate range-limiting resistor is selected with a 12-way rotary wafer
switch. Typically, if a sample has resistance R, a series resistor of 75K would be chosen to
provide a sweep out in the desired bias voltage region. In practice, the sample resistances
are not exactly controllable so it will be purely fortuitous if exactly the ideal value for
the series resistor is available. Instead a slightly lower value will usually be used. Under
normal operating conditions, the AC current applied in parallel with the DC sweep 1s first
adjusted to give a few mV peak to peak modulation across the junction with the DC bias
held in the region of a few tens to 100 mV. The modulation is monitored on a screened
floating input to a sensitive (YEW MODEL 3663) oscilloscope during adjustment but the
oscilloscope is disconnected once the amplitude has been set. When a small amplitude
of AC current (~100 xV) is applied across the junction, a preamplifier must be inserted
before the oscilloscope. The input 50 kHz AC current is filtered by a 100 kHz parallel
resonant LC' circuit on one input line and a 50 kHz parallel resonant LC circuit across
the two input lines. In addition, a 10 kS resistor at the oscillator output protects against
overloading (harmonic) distortion of the oscillator at resonance. Another 10 k) resistor
between the filters and the sample acts as a potential divider and thereby allows the filters
to be driven at a high enough power level to make pick-up signals relatively insignificant.
The implication of this arrangement is that the oscillator itself should have a fairly high
output; the NI* MODEL FGI21B in this spectrometer has a maximum output of 10
V peak to peak though full output is not normally necessary. The pickup of airborne
signals (including 60 Hz magnetic signals) by the ferrite cores of these filters is simply but
effectively dealt with by maintaining a high-level signal from the oscillator into the filters

sufficient to dwarf pickup signals, followed by a pick-up-free resistive potential divider

to reduce the level to that appropriate for the junction modulation. The remaining
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component 1n the AC current input is a 4.7 uI' capacitor to block the DC current from
I I

the sweep circuit which would polarize the ferrite cores of the inductors (which could
lower the resonant circuit @) values). The DC bias is monitored directly on the digital
voltmeter, without amplification of the signal of filters in the line. It is crucially important
that noise should not be transmitted down this line since it is connected directly to the
sample. Optimum detection of the second harmonic signal at 100 kHz generated by the
junction 1s achieved by feeding it through a resonant step-up transformer whose secondary
circuit 1s tuned to resonance (for each sample) at 100 kHz into a high input impedance (108
(1) preamplifier input (PAR MODEL 113P) and from there to a lock-in amplifier (PAR
MODEL 5209). The output from the lock-in amplifier is stored on a microcomputer (NEC
PCI9801RA). A reference signal is derived from the oscillator and the internal frequency
doubling facility of the 5209 allows the second harmonic signal to be detected. There is
a blocking filter at 50 kHz in the form of a parallel resonant circuit located before the
transformer. This serves to reduce the total signal entering the preamplifier and lock-
in amplifier and eliminates difficulties with instrument overloaded, while when the first
derivative is desired, the LC' blocking filter at 50 kHz is tuned off. The tuning capacitor
on the transformer output is adjusted for each sample. The tuning of the secondary
circuit to resonance with the 100 pF capacitor (which is done by using the NF LI-75A
as a high-impedance input, rather than with an oscilloscope directly) is possible only if
the coaxial lead from the transformer output to the preamplifier is kept short, say 25
cm, so that its capacitance is low. That is why a separate preamplifier is desirable: it
may be located close to the resonant circuits. Its additional gain (x100) is not needed
but a high input impedance (100 M) is essential. Though it was stated above that the
transformer is resonant it would be more accurate to say that the whole circuit including
the blocking filter has to satisfy the resonance condition for optimum performance. This
will be illustrated more clearly later.

Absolutely crucial to low-level signal detection is the matter of choosing earths and
grounds to best advantage. There is one earth connection in this circuit. It derives from
the oscillator. Thus the potentials of all parts of the DC and AC input circuitry are well
defined with respect to earth. The same is true of the DC output circuit and the AC
output circuit as far as the transformer primary. All of the circuit with the exception
of the DC supply, is housed in an aluminum box. The low-signal (earthed) line from
the oscillator is grounded to the box. The transformer secondary circuit is separately
grounded to the aluminum box and this defines the potentials of all remaining points on
the AC output circuit.

Some effort was made to optimize the quality factor of the coils in the resonant circuits.

The three single coils were wound on TDK ferrite pot cores, type Hgps, P22/13, A250-
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52H. Flanges, Trimmers, and Bobbins are TDK TF 4.5-2C1, TB 4.5-4C1-T, and BP
22/13—6/‘2, respectively. Specifically, the 0.94 mH inductance has 61 turns of 0.4 mmao

lacquer-insulated copper wire, the 2.2 mH inductance has 93 turns of 0.32 mme¢ wire, and
the 0.22 mH inductance has 29 turns of 0.5 mme¢ wire. The cores are 22 mm in diameter,
and 13 mm high with an inductance factor, Ay, of 250 nH per turn. The transformer is
on a TDK ferrite pot core, type Hgas, P26/16 (26 mm diameter, 16 mm high), A400-52H
with an Ap of 400 nH per turn. Flanges, Trimmers, and Bobbins are TDK TF 5.5-2C1,
TB 5.5-4D2-U, and BP 26/16-622, respectively. The 0.05 mH primary has 110 turns of
0.5 mm¢ wire, and the secondary has 155 turns of 0.25 mmé¢ wire to give a self-inductance
of 10 mH. Typical quality factor (@) values were 100. The ferrite cores have tuning slugs
(trimmers) but they do not offer good resolution and it is convenient to have 100 pE trim
capacitors on the 2.5 nF and 5 nF' components. The circuits can not be tuned reliably
when monitored with a standard 1 M input impedance oscilloscope; the NF LI-75A
preamplifier performs well as a buffer in this task.

In order to facilitate data analysis, the spectrometer has been interfaced with an NEC
PCI9801RA microcomputer. It is therefore possible to store in digital form the appropriate
output from the lock-in amplifier and the junction bias.

Further some attentions must be paid to the circuit description. The use of coaxial
or shield wires is crucial except for ground lines. For the input of the preamplifier, the
use of the differential input is crucial. A separation of groundings between the first and
second circuits in the transformer is necessarily done. The ground terminal in an input
of the lock-in amplifier is floating. A separation between electronic instrumentations is
done with line filters (TDK NOISE FILTERS TYPE ANF-106). An aluminum plate
(2 mm thickness) is put for a separation between a microcomputer and other electronic
instrumentations. The indicator for 2f band pass filter of lock-in amplifier is used for the
adjustment of the oscillator frequency. The applied bias voltage across the tunnel junction
is monitored on HP Model 3478A, and from there is fed to and stored on the computer.
For the adjustment of the small amplitude (typically, 200 xV peak to peak) across the
junction, the preamplifier (NI LI-75A) is used. The output bias voltage from the digital
voltmeter (HP-3478A) and the f or 2 output voltage from the lock-in amplifier are under
the control of a microcomputer (NEC PC 9801RA) with GP-IB controller, and are stored
on the hard disk.

To test the spectrometer, the low-bias Pb superconducting phonon spectrum is mea-
sured in a Pb-Pb oxide-Pb tunnel junction. Here modulation amplitude has been reduced
to 250 pV peak to peak (88 ¢V RMS) in order to allow the superconducting Pb phonon
structure to be traced out for Pb-Pb oxide-Pb junction at a temperature of 4.2 K. This

spectrum is taken with a lock-in time constant of 3 sec. The resulting superconducting
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Pb phonon spectrum is shown in Fig. 16. The more fine structure of Pb phonon is clearly
observed[9, 12, 162].

Circuit Analysis: The tuned filters of the input circuit may each be treated as an

independent unit and designed to satisfy the usual resonance condition, W?LC = 1. Also,
they can be tuned individually in isolation from the rest of the circuit. Component
values are chosen in the light of inductor core availability.

The detection circuit, on the other hand, must be considered as a whole if its per-
formance 1s to be optimized. Although it has a filter circuit tuned to 50 kHz to reduce
the modulation signal to the transformer, this same circuit will behave as a capacitor (of
37.5 pk for the circuit of Fig. 14) at 100 kHz. The 4.7 uF blocking capacitor has a low
impedance at 100 kHz and may be neglected. Analysis of the detection side then follows
straightforwardly.

Suppose a 100 kHz signal V; is developed by the tunnel junction and is fed into
the primary circuit of the transformer. If the self-inductance of the primary is Ly, the
capacitance of the 50 kHz parallel resonant circuit at 100 kHz is Cy, and the transformer
mutual inductance is M, the circuit reduces to that shown in Fig. 17. The secondary
winding of the transformer has self-inductance L, and the tuning capacitor is denoted
(. Current flowing in the primary circuit is ¢;, and that in the secondary 75. The latter
develops an output voltage signal, V5. The overall impedance of the circuit as seen by the
junction 1s Z;.

For the primary circuit we may write

1
]2(4)01

and for the secondary circuit

. 1 : 5 .
=25 (]'QWCH +]2wL2) + 72wMa,y, (50)

where we assume that the inductors are ideal. It follows that

B — (2w)? MC, :
I I — (2&))2 (Lch -+ IJQCQ)’ '

il
Bl 3 {
T
N—

and maximum output is achieved when

(2w)* (L1Cy + LyCa) = 1. (52)

ISee for example TDK FERRITE CORES-2 DATA Book (1988) or equivalent publications from other

manufactures.
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Figure 17: Equivalent circuit at 100 kHz for detection and amplification of second har-

monic signal generated in tunnel junction.




When the resistance of the inductor windings is included the resultant output remains

finite*. The important result is that both primary and secondary circuit components
must be chosen to meet the resonance condition. Good balance between the primary and
secondary circuits dictates that L;Cy and L,C5 should be approximately equal. At the

same time it is clear from (51) that at resonance

Vo
‘—/;O<

O\ /2

(LG L) (53)
C

(where we assume perfect transformer coupling) and it is desirable to make C; as small as

possible while the transformer step-up ratio, L,/ L1, should be as large as possible. These

considerations have led to the selection of component values shown in Fig. 14.

Circuit performance: The circuit performance may be examined by applying a 50 kHz
or 100 kHz sinusoidal signal from the oscillator and substituting a 50 Q resistor for the
Jjunction. In a test at 50 kHz, the circuit required an 8.0 V peak to peak input signal to
give 20 mV peak to peak across the resistor and this in turn appeared, after negotiating
the secondary circuit, at the output from the x100 gain preamplifier (PAR 113P) at 0.26
V peak to peak. A similar test with a 100 kHz input signal, again at 8.0 V peak to peak
amplitude, appeared across the resistor as a 100 zV peak to peak modulation and then at
the output of the amplifier as a 0.27 V peak to peak signal. At 50 kHz disconnecting the
detection circuit has no effect on the modulation level applied through the primary circuit;
at 100 kHz disconnecting the detection circuit causes a 70 % increase in the modulation
seen across the 50 {2 resistor. It follows from these measurements that the input circuit
reduces the 50 kHz signal by a factor of 400 and the 100 kHz signal by 8x10*: a net
preference for the fundamental by a factor of 200:1. The output circuit further suppresses
the 50 kHz signal by a factor of 7.7, but enhances the 100 kHz signal by 27. This time a
208:1 preference acts in favor of the harmonic.

Since the whole circuit transmits both fundamental and harmonic from the oscillator
with roughly equal amplitude at the output to the preamplifier, it could be embarrassing
if the oscillator had substantial harmonic distortion in its output. Then the lock-in am-
plifier might become overloaded with unwanted harmonic signal. Equally, variations in
the harmonic content of the oscillator output with time could be troublesome. Neither
problem was found with the oscillator used.

Screening and mains filtering: The problem of noise, both radiated and mains-borne
is substantially eliminated in the present spectrometer by performing all measurements in

a screened box with a filtered mains supply. The box is totally screened with aluminum

As well as resistance of the inductors, the capacitance, C,, of the samples has been disregarded in this
analysis. When included the latter requires C; to be replaced by C1Cs [(Cy + Cy) in (52). It represents

only a small correction.
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sheets of thickness 2.0 mm and the mains filtered by means of NF noise filter transformer

(model NT-500C). The thickness of aluminum used ensures substantial screening. Oper-
ation at lower frequencies is avoided for two reasons. The first is that adequate screening
would require excessive thickness of aluminum in the construction of the box, or the use
of magnetic materials. The second reason is that, in general, noise from a given junction
drops as the frequency of operation increases.

Four-point probe measurements: For measurements of the energies of either accurate
singular points in tunneling conductance or particular modes in the d?V /dI?, it is neces-
sary to measure accurately the potential difference across the junction. To achieve this,
four-point probe measurements are generally used. The essential features of a four-point
probe measurement on a sample of resistance R are shown in Fig. 18. Current is supplied
via [1 and [, and the potential difference across the specimen is measured using two sep-
arate leads P, and P,. Parasitic resistances ry, 7, r3, and ry are associated with these
four leads. If the potential difference is measured with a voltmeter of sufficiently high
impedance, then ohmic potential drops associated with rs, r4 are negligible compared
with that across the specimen, and those associated with ry, ry are irrelevant.

In general, if the bias voltage is measured using a method other than the four-point
technique, then the part of the voltage measured will be that developed across the elec-
trodes and connecting leads; this will vary from device to device depending upon the
electrode and junction characteristics. Therefore the real bias across the tunnel junc-
tion will be less than is actually recorded, resulting in a spectrum line which is apparently
shifted up in energy from its correction position. For example, if measurements were made
on junctions of effective resistance 500 Q, with electrode and connecting wire resistance
of 10 §2, then the bias measurement, using anything other than a four-point technique,

would lead to upward shifts in peak position of 2 %.

4 Results and Discussion

Wir diirfen nicht vergessen: auch unsere feineren, mehr philosophischen Bedenken haben eine instinktive Grundlage.

L. W. Wittegenstein

4.1 Tunneling through Narrow Gap Semiconductor Antimony
Telluride: The Effect of Dispersion Relation in Tunneling
Barrier

The influence of energy band nonparabolicity in semiconductor physics has been exten-

sively studied in bulk narrow-gap semiconductor materials[163], heterojunctions[164], in-

version layers[139], etc.. The formalism for nonparabolicity in narrow-gap semiconductor
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Figure 18: Schematic diagram of junction and connecting wires for four-point probe

volta,ge measurements.




is well established based on Kane’s & - p model[165]. On the other hand, GaAs is not a

typical narrow-gap semiconductor (£, = 1.52 eV at room temperature) as usually defined,
but according to a more general definition that a narrow-gap semiconductor is a material
where the electron energy can become an appreciable fraction of the energy gap, con-
duction electrons in GaAs exhibit typical narrow-gap semiconductor features due to the
small band edge effective mass of electrons, m; = 0.067mo (mq: free electron mass), and
conduction electrons in GaAs were described theoretically using five-level k- p model[166].
Ariel Altschul et al.[167] derived a dispersion relation using k-p model, which can account
for nonparabolicity in both narrow- and wide-gap isotropic semiconductors.

Stratton et al[168] recognized the importance of the F£ — k dispersion relation within
the forbidden gap in describing tunneling through solids, and were able to piece together
an I — k relation for AIN by measuring the thickness dependence of the tunneling prob-
ability at several values of applied bias. This experimentally determined £ — k rela-
tion successfully described many of the tunneling phenomena observed in AIN thin films.
Kurtin et al[169] studied the tunneling currents through the layer compound semiconduc-
tors GaSe in Al(Cu)-GaSe-Au tunnel junctions. They improved the analytical technique
for determining the I — k dispersion relation within the energy gap of a solid (from
appropriate / — V' measurements) and applied it to current-voltage data obtained from
metal-GaSe-metal tunnel structures. The resulting I/ — k dispersion relation was shown
to be an intrinsic property of GaSe and tunneling currents were quantitatively understood
in terms of the /£ — k dispersion relation in GaSe. Thus tunneling measurements have
been proved to be a direct technique for measuring the £ — & dispersion relation within
the energy gap of a semiconductor. However, since their work few attempts have been
made to study the tunneling phenomena related to the £ - k dispersion relation in a
semiconductor used as a tunneling barrier in a normal metal-semiconductor-normal metal
tunnel structure. For the superconducting metal electrodes, they have been continuously
studied in relation to Josephson junctions[170]. These studies have been motivated by
the possibility of high-frequency applications such as detectors, superconducting quantum
interference device (SQUID) magnetometers, etc.[152], due to the relatively low dielectric
constant of the semiconductors. M-I-M systems with a semiconductor barrier are intrin-
sically interesting with regard to the physics of tunneling. Narrow-gap semiconductors
are especially good candidates for the tunneling barrier, since a small energy gap leads
to the coupling of the conduction and valence bands, namely, a nonparabolic dispersion
relation. In metal-NGS-metal tunnel structures, the small forbidden gap of a semiconduc-
tor consists of a tunneling barrier and therefore it is expected that there exists a variety

of tunneling conductance which reflects the nonparabolic dispersion relation even with a

small applied voltage. This interest is based upon an assumption that the energy depen-




dence of the decay constant k in tunneling clectrons can be described by the dispersion

relation in the forbidden gap of the semiconductor.

In this section, electron tunneling experiments on Au-Sh,Tes-Al tunnel junctions to
investigate the correlation effects between tunneling electrons and the coupling effects
(nonparabolicity in £ — k dispersion relation) between the conduction and valence bands
in the SbyTe; tunnel barrier in which the ShyTes is a narrow-gap semiconductor[171],
where the dispersion relation in conduction and valence bands are nonparabolic, are
discussed[172, 173]. This experimental results are compared to the theoretically cal-
culated tunneling conductance in a Au-ShyTes-Al tunnel junction where the effect of the
energy band nonparabolicity in the £ — k dispersion relation of ShyTes is involved in the
tunneling probability.

The tunneling conductance in a Au-ShyTes-Al tunnel junction at 4.2 K is shown on
an extended scale of bias voltage in Fig. 19. The tunneling conductance enlarged in the
low bias voltage region is presented in Fig. 20. Positive bias corresponds to raising the
Fermi level of the Au with respect to that of the Al. Some very interesting features are
observed. First, the measured tunneling conductance shows a prominent narrow width
peak just at 0 meV. Second, after the conductance decreases to the conductance minimum
at about £ 6 meV and shows sharp undershoot structures (and the shoulder structures
at + 2 and + 3 meV considered as impurity bands are observed, that could be described
later), it increases sharply and reaches some value at about + 7 meV. On the other hand,
the curve measured at 77 K shows a usual parabolic curve as shown in Fig. 21.

Similar zero bias conductance peaks have been observed as spin-flip (Zeeman) transi-
tion caused by paramagnetic ions included in various tunnel structures[25, 26]. But the
width of the zero bias conductance peak caused by magnetic impurity atoms is much
larger than that of the conductance peak observed in this study. Moreover, for the con-
ductance peaks observed before, such substructures, i.e., undershoot structures after zero
bias conductance peak and the abrupt lowering of the rate of increase after sharp increase
of the conductance have never been observed. Therefore these interesting features in the
tunneling conductance should be ascribed to another physical origin.

The observed features can be associated with the nonparabolic dispersion relation
within the energy gap of the narrow-gap semiconductor ShyTes. First, a tunneling equa-
tion involving the £ — k dispersion relation has to be formulated.

We start with the equations (4) and (7). That is, surface effects such as surface levels,
accumulation or inversion layer, are ignored. The rationale for ignoring the above effects
will be described later. Moreover, the rationale for using the WKB approximation with

no prefactors will be also described later. In general, the decay constant K is a function of

the electron energy E, parallel component of the wave vector k¢, and the position of the
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Figure 19: Tunneling conductance d7/dV versus bias voltage of Au-SbyTes-Al tunnel

junction measured at 4.2 K.
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Figure 20: Tunneling conductance d7/dV versus bias voltage near the zero bias voltage

of Au-Sb,Tes-Al tunnel junction.
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tunneling barrier z. The dependence on z is due to the applied potential, and interface

potentials which change the features of the band structure of the tunneling barrier relative
to the electron’s energy. Here the Fermi function factors [f(F) — f(E + eV)] guarantee
that the initial state is occupied and that the final state is empty. The tunneling electron
energy I/, and the transverse momentum k¢ conservation laws are explicit because of the
use of a common value of E and ky for all regions of the tunnel structure. Further
simplification can be realized by noting the rapid variation of the exponential factor with
k¢. A discussion of the role of eigenstates of the barrier on the angular dependence
of tunneling was given by Dowman et al.[28, 122], which confirms, in most cases, the
assumption that at a given total energy, electrons with ky = 0 dominate.

This allows us to use the method of steepest descents[25, 116, 174, 175] to obtain a

useful approximation for the integral.

The method of steepest descents

For v > 1,
fo= /e"(z)dz, (54)

ailoes="1 — ¥ = iy (55)

” 1/2 ,
= exp (—vf (20)) [m] : (56)

From the above method,

I = /e_2fVk2+k5+k3dl’d/cydkrz

. /\/mmgmgdx

do =0 — Iy =1

- j/ ky
R R

1/

" / dx
0 R+ k2 + k2

S He
— = [t VR dl‘( k. (57)
f do >
\/ k2 +k?

We note that the integrand in (57) becomes zero with k,. Therefore, we can put k,




= 0 in the denominator and take out of the integration.

1/2 |

{ = i 5 /(?_zf R %< k.
f (il‘ >
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dz\ ™" -2 [ kdax kQ
=1 /T e (58)

We take the dependence of K (F, kg, ) on ki to be given by

1/2

K (B, ki,e) = [k (E,0,2) + k] ", ket =¥ 442 (59)
We can apply the above method for (59). As the result, we obtain the following equation:

PV s . /OO dF exp <—2/$R 3 (E,O,;L‘)da:)

277/2. Ty

TR dx T . -yt :
X(ALk“Eﬂﬁﬂ [f (E) = f(E +eV)]. (60)

Since most tunneling experiments are performed at low temperatures to eliminate therm-
lonic currents over the barrier, so it is sufficient to consider this equation within the
limits of 7" = 0 K[25, 26]. Therefore the Fermi function factors disappear by 7' = 0 K
approximation!.

There remains one useful simplification of (60) to be discussed. The energy £ may be
related to the spatial coordinate z such that k, becomes a function of single variable E(x).
This new variable {(z) is the difference in energy between the conduction band edge and
the energy of an electron located at z (this means that the conduction band edge in NGS

is taken as the origin of the energy):

£ =o(z)+ E. (61)
Therefore,
& _ dp
de dz
d¢
e = ——. 62
e (de/dz) e

Representing J(V) in terms of £(z),
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This expression, although somewhat approximate, is of adequate precision and contains

the fundamental physics of tunneling.

Assuming now the trapezoidal barrier potential as shown in Fig. 22,

p1 — 2+ eV \
o(z) = —p; + .. 99(12 ) (64)

and for an applied bias in the range —¢; < V < vy, (63) becomes

> Vv =Xl —(yp2—eV-F)
JI¥V) = _i/ dF exp( . / d (1£A<£)>
0 =

mh w1 — w2+ eV J_(¢1-E)

</~(wz—eV—E) ddé >_1 (65)
X . ; )
~(¢1—E) (p1 — @2+ eV)k(€)

This equation is a suitable basis for an analysis of the tunneling characteristics near 0

K through the semiconductor tunnel barrier which has an arbitrary £ — k dispersion
relation. In the formation in which the dispersion relation is incorporated, it is clear
that a tunneling electron has a different wave vector dependent on the tunneling electron
energy.

The use of trapezoidal barrier means that we ignore surface effects such as surface
levels, inversion, or accumulation layer and that the slope of the band edges in the semi-
conductor is linearly dependent upon the applied voltage. The presence of space charge
in the barrier and the effect of image charges induced in the electrodes, may lead to
the deviation of the barrier shape from the assumed trapezoidal form. Space charge dis-
torts the shape of the potential barrier because field lines originate or terminate on the
trapped charge. The worst case is such that all traps are ionized and that the space
charge is distributed uniformly throughout the barrier region. On the other hand, as for
image charges, electrons tunneling through the barrier interact with electrons in the two
metallic electrodes. This interaction can be modeled by adding, to the expression for a
trapezoidal barrier potential, the potential due to image charges which one would expect
(in the classical approximation) to be induced in the electrodes. This effect leads to the
rounding of the edges of the barrier and to slightly lower the average barrier height. In
the derivation of the tunnel equation, the above two effects are 1ignored, because the ef-
fects could not result in the remarkable change in tunneling conductance in the case. For
example we try to estimate the thickness of depletion layer in the metal-semiconductor

interface. We can estimate the interfacial thickness from the following equation;

2 -5 C </
d = \/C 2 ) (66)
(]NA
v 2B A,
(where the following values are used; ¢ = 1.6x10" ecm™3, N4 = 1x10% cm™3, ¢, =

36.6[176], ¢¢ = 8.85 x10~!'? ['/m, Vp = 150 meV, and V = 0 meV). Therefore the effect
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Figure 22: Schematic energy-band diagram of a metal-semiconductor-metal tunnel struc-
ture. (2 are metal-semiconductor barrier height. F, is an energy gap. Metal 1 is
negatively biased by eV. The trapezoidal barrier potential is assumed. F(z) is the energy

of the electron tunneling from metal 1 to metal 2. The zero for energy is defined at the

conduction band edge at the left-hand side of the barrier.




of interfacial layer can be ignored. Next, it should be considered about the rationale for

using the WKB approximation with no prefactors when Ep is so close to the edge of the
valence band. For the use of the WKB approximation in the above case, there is certainly
reported on a definitive and thoroughly quantitative work to justify the use of the WKB
approximation with no prefactors to the valence band edge experimentally. A thoroughly
quantitative work of the one electron tunnel current on metal-GaSe-metal tunnel struc-
tures was carried out by Kurtin et al[169]. They proved a method of determining the
E — k relation, k() in the energy gap of the semiconductor from measurements of the
tunneling currents. In the numerical analysis, the k(£) was varied to minimize the differ-
ence between the observed and the calculated I — V curves. In this analysis the equation
they derived to extract the k(£) surely includes the WKB factor with no prefactors. The
GaSe k(£), which was extracted from measurements on Al-GaSe-Au junctions was used
to predict the I — V' curve for a Cu-GaSe-Au junction. The excellent agreement between
theory and experiment confirms that the determined k(£) is a sufficiently accurate k(L)
of GaSe. It should be noted that the k() is determined just from the valence band edge
to 1.5 eV above the energy. We could therefore use the WKB approximation with no
prefactors to decide the tunneling probability even if Ep is so close to the edge of the
valence band.

Next, the dispersion relation for the narrow-gap semiconductor in the calculation of
the tunneling probability is discussed. There has not been reported on the band structure
for the SbyTes before. In narrow-gap II-VI (HgTe, CdTe), I1I-V (InSh, GaAs), and IV-VI
(PbTe, PbSe, SnTe, GeTe) semiconductors, the conduction and valence band extrema
are located at the same symmetry points in the Brillouin zone. An allowance for the
interaction of the nearest bands gives rise to a nonparabolic dispersion relation, k(E) of
Kane type. On the other hand, for the V-VI semiconductors including the Sb,Tes in this
work, the conduction and valence band extrema are located in reflection planes (space
group R3m) and are shifted relative to one another. There has not been reported on I —k
dispersion relation which describes nonparabolicity in narrow-gap semiconductors whose
conduction and valence band extrema are located at the different symmetry points in
the Brillouin zone before. So anyway, as an attempt, there has been carried out a fitting
procedure between the experimental and theoretical curves using the dispersion relation of
Kane type to confirm the effect of the nonparabolicity in the dispersion relation of ShyTes
for the appearance of narrow width zero bias conductance peak. [ssentially, instead of the
dispersion relation of Kane type, a nonparabolic dispersion relation which the different
position of the bottom of conduction band and the top of valence band gives rise to, have

to be used; however, as is described later, it is believed that the dispersion relation of

Kane type reflects a feature of I£ — k relation in the ShyTes.




Equation (43) has been widely accepted as the first-order approximation to Kane’s

k- p model for isotropic narrow-gap semiconductor[138, 165, 177]. Here it should be noted
that the band structure of energy gap in narrow-gap semiconductors can be reflected
into the smaller value of isotropic band edge effective mass m?, and that the coupling
term F/FE, between the conduction and valence bands is explicitly included. As for the
similarities of the conduction and valence bands, there have not been reported on the
detailed information about the effective masses in different k directions. At present we
can find m; = 0.3 , mj = 0.34 as the band edge effective masses in bulk ShyTey single
crystal from table of values in semiconductors. Therefore, it could be considered that
the average effective masses of electrons and holes in SbyTes; are almost the same in
absolute value; however, these effective masses would be probably anisotropic exactly.
From the fact that average electron and hole effective masses are almost the same, the
above dispersion relation can be used to describe both conduction and valence bands in

the SbyTes. From m} = mj = m*, equation (43) can be rewritten in the following form,

B2k

2m*

= E(1+ EJE,). (67)

Next, we extend the £ — k dispersion relation in the conduction and valence bands
into the energy gap, that is, we could take the £ — k dispersion relation in the forbidden
gap as the mirror image of the conduction and valence bands. Therefore the dispersion
relation in the energy gap can be described by the imaginary part of the wave vector, so
we take k = (K, ¢ = \/—1. We should note again that Kane’s model can continue the
conduction and valence bands by the £ — k curve analytically only when the conduction
and valence band edge effective masses are exactly the same or that this model can only
be applied to semiconductors that have exactly the same conduction and valence band
edge effective masses. The above method of analysis is introduced from the fact that «
priori there is no reason to assume that there is any difference in the tunnel conduction
between the structure where the Fermi level Ef is near the conduction band edge ¢ of
the semiconductor and the structure where Ep is near the valence band Fy. In a wave
mechanical description of the tunneling process, the transmission of electrons or holes is
mediated by an exponentially decaying wave function across the barrier. The magnitude
of k(E), the imaginary part of wave vector of particle in the barrier, is determined by the
band structure of the barrier material, and it is physically reasonable to assume that k(E)
should be small for £ near both £y and Fg since k(L) =0 for £ < By and F > Eg.
Generally, the larger effective mass in the valence band tends to decrease the tunneling
conductance near the valence band edge. For “indirect” semiconductors (Si, for example)

the fact that IS¢ is not at k = 0 could decrease the conductance near the conduction band

edge.




Substituting (67) into (65), we have the equation which is a basis for understanding

tunneling conductance in metal 1-narrow-gap semiconductor-metal 2 tunnel structures
using the tunneling probability considering nonparabolic dispersion relation in a nar-
row gap semiconductor. We can calculate the tunneling conductance-voltage curves for
an arbitrary metal 1-narrow-gap semiconductor-metal 2 tunnel junction using the above
equation only if the band edge effective mass m*, the barrier width d, the energy gap
E,, and the metal; 5-semiconductor barrier height ¢ 5 are given. In the analysis below,
generally accepted energy gap £, = 300 meV is used. The result for ShyTes thin films by
Damodora Das et al.[131], m* = 0.02 for the effective mass is adopted, because Sb,Tes,
thin film is used as a tunneling barrier in this study. It finds out that the use of value 0.34
in bulk SbhyTes leads to a extremely small tunneling current which we can not observe.
The theoretical curve obtained from the above equations, (65) and (67) is presented in
Fig. 23 along with the experimental result in Fig. 19. As the tunneling barrier width, the
measured value d = 1150 A is used. As for the metal-semiconductor barrier height, ¢4 5
= 272.0 meV are chosen to fit the energy value of the conductance minimum in the exper-
imental curve to the value in theoretical curve. This value means that the Fermi level in
SboTes is located slightly above the valence band edge. This result seems consistent with
a picture that antimony telluride is always a p-type narrow-gap semiconductor despite nu-
merous attempts by different investigators to produce n-type semiconductor by doping or
introducing appreciable alterations in the proportion of antimony and tellurium([131, 133].
The high symmetry in the tunneling conductance on an extended scale also supports the
assumed value (¢, = 272.0 meV), because this value means that the barrier asymmetry
is very small. It is seen that the theoretical curve shows a narrow width conductance peak
Just at 0 meV, and that in higher energy (V > | ~ 6 meV|) after conductance minimum
there is a upward curvature. Therefore the theoretical curve reflects qualitatively these
two features in the experimental curve well. But, the undershoot structure at about + 6
meV and the abrupt lowering of the rate of increase in tunneling conductance at about +
7 meV in the experimental curve do not appear in the theoretical curve. This cause has
not been clear at present. Essentially, instead of (67) it should be used a nonparabolic
dispersion relation where the different position of the bottom of conduction band and the
top of valence band gives rise to, however, from the above result it is believed that (67)
reflects a feature of I — k dispersion relation in the narrow-gap semiconductor Sh,Tes.
Next, the tunneling conductance in a Au-ShysTes--Al tunnel junction at 4.2 K is shown
on an extended scale of bias voltage in Fig. 24. The tunneling conductance enlarged in
the low bias voltage region is presented in Fig. 25. The data obtained on the tunnel

Junction is shown with the theoretical curve in Fig. 26. As the metal-semiconductor

barrier height, ¢12 = 297.0 meV is chosen as the fitting parameter, and the measured
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Figure 23: Comparison of the theoretical and experimental curves of Au-Sb,Tes-Al tunnel

Jjunction. The curve (a) is the experimental conductance and the curve (b) 1s the calculated

conductance. m* = 0.02, d = 1150 A, E, = 300.0 meV, ¢, = 272.0 meV.
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Figure 24: Tunneling conductance d//dV versus bias voltage of Au-SbysTess-Al tunnel

junction measured at 4.2 K.
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Figure 25: Tunneling conductance dI/dV versus bias voltage near the zero bias voltage

of Au-SbyszTes7-Al tunnel junction measured at 4.2 K.
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Figure 26: Comparison of the theoretical and the experimental curves of Au-Sby;Tes,-Al

tunnel junction. The curve (a) is the experimental conductance and the curve (b) is the

calculated conductance. m* = 0.02, d = 750 A, Ey = 300.0 meV, ¢;, = 297.0 meV.




value d = 750 A is used as a tunneling barrier width. This figure also shows narrow

width zero bias conductance peak, undershoot structures at about + 3.5 meV, and the
abrupt lowering of the rate of increase in conductance at about + 6.5 meV. The two
distinct impurity bands are appeared at about + 3.0 meV and + 4.5 meV, reflecting the
nonstoichiometry in the sample. These results are excellent evidence that the narrow
width zero bias conductance peak and some other features are distinctly independent
of impurity bands, and that these characteristics are intrinsic in a Au-SbhyTes-Al tunnel
structure. A comparison of Fig. 19 and I'ig. 25 gives us a useful information about the
degeneracy in p-type antimony telluride. IFor the nonstoichiometric sample in Fig. 24 it
seems likely that the Fermi level approaches the valence band edge (p12 = 272.0 meV
— 12 = 297.0 meV). The used tunneling barrier width (750 — 1150 A) is rather thick;
however, it should be noted that also in junctions with evaporated Ge barriers of 800
Athickness, quasiparticle tunneling was really observed[178]. In this study, the smaller
effective mass m* = 0.02 would operate effectively for the realization of larger tunneling
probability.

Harman et al.[134] suggested that the Group V (i.e., Bi, Sb, As) tellurium compounds
are necessarily heavily doped semiconductors because Group V atoms appear on tellurium
lattice sites and tellurium atoms on Group V atom lattice sites (the wrong atom defects,
or antisite defects). This phenomenon would occur due to the similarities in atom size
and valency. Therefore it is natural that impurity bands are observed in the stoichiometry
compound as well as in the nonstoichiometry compound.

The calculations of tunneling conductance have been made in certain conditions to test
what causes the narrow width zero bias conductance peak. The following two issues have
been checked: 1) the position of the Fermi level in SbyTes, and 2) the nonparabolicity in
the energy gap in Sbh,Tes.

First, theoretical curves calculated using three different metal-semiconductor barrier
height ¢; conditions are shown in Fig. 27. It is seen from the calculation results that
a narrow width zero bias conductance peak can be observed in the case that the Fermi
energies of metals are located near the valence band edge of Sh,Tes. Such a singular
location of the Fermi level seems to be characteristic in a narrow-gap semiconductor. It
should be noted that there are striking differences in the curves dependent upon metal-
semiconductor barrier height ¢, ;. Furthermore, it finds out from other calculations that
such a narrow width zero bias conductance peak can be distinctly observed if either of
the Fermi energies of metals is located near the valence band edge of ShyTes.

Second, the calculation using a parabolic dispersion relation (R2k?/2m™ = E) as the

dispersion relation within the energy gap in the calculation of tunneling probability in (65)

is performed to test the effect of nonparabolic factor E/E, in a narrow gap semiconductor.
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Figure 27: Theoretical curves of tunneling conductance versus bias voltage calculated for
three different ¢; , values. E, = 300.0 meV, m* = 0.02, d = 1150 A. Curve (a): @12 =
290.0 meV; curve (b): @12 = 170.0 meV; curve (c): ¢; 5 = 140.0 meV.




The calculation result is shown in Fig. 28. From the result it is evident that if the

same 1,2 condition is used except for the use of parabolic dispersion relation in the
calculation of tunneling probability, there appears no zero bias conductance peak. It
turns out from further calculation that zero bias conductance peak can never be observed
if the parabolic dispersion relation is used for the calculation of tunneling probability
however metal-semiconductor barrier height ¢1,2 1s chosen. This demonstrates that the
introduction of nonparabolic dispersion relation in the tunneling barrier into the tunnel
equation 1s essential in the calculation of tunneling conductance in a Junction where the
Fermi level locates near the valence band edge.

Here the cause for the undershoot structure in the tunneling conductance has to be
considered. If two-dimensional gases (2DEGs) exist at both metal-semiconductor in-
terfaces, the possibility of 2D-2D tunneling would exist. In fact, Eisenstein et al[57]
observed a sharp resonance at zero bias and the similar symmetric undershoot structures
about zero bias. Thus, as one possibility for the observed structures, electron tunneling
between two parallel 2DEGs separated by a semiconductor barrier has to be examined.
This is explicable using a simple single-particle picture of the tunneling process.

It should be again noted that the matrix element for the transition of an electron in
a state on one electrode to a state on the other side vanishes unless the transverse wave
vector k¢ and the total energy F are the same for the initial and final states (specular tun-
neling). This restriction becomes stronger for tunneling between low-dimensional systems
since the allowed states becomes fewer. Unlike 3D-3D and 3D-2D tunneling, conservation
of energy and in-plane momentum forbids purely 2D-2D tunneling unless the subband
edges of the two systems are closely aligned, AFy ~ 0 meV. Tunneling between two ideal
2D-2D systems is highly constrained by the conservation of in-plane momentum. Note
that the voltage location of the resonance is just V = (Er — ER,)/e with Er, (7 = 1,2)
the Fermi energies of the two 2DEGs. Changing the density in one layer thus shifts the
resonance. Usually, in bilayer 2D electron systems in double quantum wells fabricated by
molecular beam epitaxy, as grown, the densities of the two 2D layers typically differ by (5
- 10) % [57]. Moreover, we note that various sources such as a breakdown of momentum
conservation due to scattering by interface defects and inhomogeneities (fluctuations in
the interfacial layer which will produce fluctuations in the subband energies) may also
contribute to the broadening and the voltage location of the resonance for 2D-2D tunnel-
ing. Usually, these mechanisms could operate simultaneously. The existence of impurity
bands observed in this study would strongly break the conservation of in-plane momen-
tum. Probably, the degree of breaking of the conservation becomes different dependent

upon the impurity distributions (i.e., the energy positions of impurity bands observed in

this study). For the observation of conductance peak resonance) at exactly zero bias in
) I
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Figure 28: Theoretical curve of tunneling conductance versus bias voltage. Parabolic dis-

persion relation is used in the calculation of tunneling conductance. The other conditions

are the same as those in Fig. 27 (a).




such circumstances, there should always exist the corresponding difference of sheet car-

rier density An = n; — ny (implying AEp = Ep, — Ep,) for compensating the break of
conservation of the energy and momentum (in other words, the balance condition n; = n,
(EF1 = Ep) is obtained by centering the resonance at V = 0). It seems therefore very
unlikely that An can be always realized for compensating the breaking of the conservation
or that as grown there always exists no difference of the densities of the two 2D layers.
From the above consideration, it is inconceivable that 2D-2D intersubband tunneling
leads to the observed undershoot structures. The cause for the undershoot structures
remains open at present.

Finally, in Kane’s two-band model (one-parameter model) as the simplest analytic
expression, the origin of negative differential conductance in single-barrier tunneling can
be ascribed to its energy-wave vector dispersion relation in the energy gap, in which the
wave vector shows the maximum toward the midgap and is symmetrical with respect to
the midgap. That is, the tunneling probability is higher for tunneling electrons which have
energy close to the valence-band edge and the imaginary wave vector of tunneling electrons
increases as they approach the midgap of the tunneling barrier from near the valence-
band edge. Therefore, as the applied bias voltage is increased, the tunneling conductance
decreases below the midgap, and leads to a negative differential conductance; however,
it is important to note that the above explanation depends strongly upon the adopted
model. Kane’s model can continue the conduction and valence bands by the £ — k curve
analytically only when the conduction- and valence-band edge effective masses are exactly
the same. Thus, Kane’s model can only be applied to semiconductors that have exactly the
same conduction- and valence-band edge effective masses. It should be particularly noted
that both effective masses are usually not the same in most semiconductors. Therefore, for
the analysis of tunneling through a variety of NGS, the formulation of a tunneling equation
using a more generally applicable two-band model, in which the different conduction- and
valence-band edge effective masses are taken into account, is needed.

Flietner proposed a model for the dispersion relation in the energy gap under the
assumption that the conduction- and valence-band edge effective masses are different (two-
parameter model)[179]. In this model, analytic continuation between two bands whose
band edge effective masses are different can be successfully carried out by an asymmetric
dispersion relation. By using this model, he successfully explained the experimental results
about the surface states in the metal-semiconductor results. To apply Flietner’s model
in the tunnel equation (65), the dispersion relation has to be rewritten in the following

way[173]:
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where

a = 1—m*/m;.

Here m; and mj are the effective masses at the conduction- and valence band edges,
respectively. We note that Flietner’s model can be reduced to Kane’s model for the case
of a = 0 (m? = mj). We cannot calculate the tunnel equation (65) analytically except in
the case of o = 0, so we have to perform the calculation numerically.

The dispersion relation curves calculated using Flietner’s two-band model are given in
Fig. 29. As typical values in NGS, we take F,=300 meV for the energy gap, m:=0.03 for
the conduction-band edge effective mass and m*/m3 = 0.1, 1.0, 2.0 for the conduction-
and valence-band edge effective mass ratio, respectively. Of these, we note that m?/m;
= 1.0 corresponds to Kane’s model. Figure 29 shows that the calculated curves that
use the different conduction- and valence-band edge effective mass ratios (=00
2.0) calculated with Flietner’s model are quite different compared to the curve calculated
with Kane’s model. We thus expect that such differences in the £ — k relations will
lead to quite different tunneling characteristics from those obtained by Kane’s model. It
should be emphasized that in Flietner’s model the coupling effect between conduction and
valence bands cannot always be the strongest in the middle of the energy gap unless the

conduction- and valence-band edge effective masses are exactly the same.

4.2 Electron Tunneling into Thin Films of Antimony : Anisotropy

of Fermi Surfaces and Phonons

As is described before, in tunneling experiments the confirmed anisotropy of Fermi
surfaces and phonons in materials has been expected to produce anisotropy in the first
and second derivatives curves which result from tunneling into different crystalline faces.
However, surprisingly, there seems to be no report of this expected effect from the barrier
tunneling at present, although such effects were observed in a point-contact spectroscopy
experiment[124]. Since antimony, Sb is a semimetal of rhombohedral structure, i.e., a
distorted cubic one, a dominant highly anisotropic electron-phonon scattering has been
considered to exist, so it is of quite interest to test whether this anisotropy would be
reflected in tunneling characteristics. In this section, electron tunneling experiments on a
semimetal Sb carried out to investigate such anisotropic effects are discussed[180]. From
the experimental results on X-ray diffraction, it turns out that exposed crystal faces can
be clearly classified into three groups according to the evaporation rates. The first group
1s one where the evaporation rate is less than ~ 1 A/sec, and the exposed dominant
face is (003). This crystal face is characteristic of a single crystal Sb film. The second

group 1s one where the evaporation rate is in the region between 1 and 500 A/SCC, and
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the dominant crystal face is (104). This crystal face appears in the films in which the

longitudinal crystallites are dominant (preferred film). The third group 1s one where the
evaporation rate is above 500 A /sec, and the dominant crystal face 1s (012). This crystal
face appears in the films whose textures are characteristic of a polycrystalline film. The
tunneling conductance and the second derivative spectra have been measured in junctions
whose antimony films are prepared by the above three kinds of evaporation conditions.

The tunneling conductances in Al-Al oxide-Sb tunnel junctions are shown to inves-
tigate the correlation between the tunneling conductances and the exposed antimony
crystal faces in Fig. 30. Negative bias corresponds to raising the Fermi level of the
Sb with respect to that of the Al. Hauser and Testardi[181] considered that the band
edges are resolved in tunneling characteristics as the point of maximum deviation from
the background parabola. Figure 30 (a), which shows the result in the Sb film exposing
single crystal faces, is similar to that reported by Hauser and Testardi. Here, a major
conductance bump at about -180 meV and a minor peak at about 80 meV are observed.
They observed good agreement between the major conductance maximum in the tun-
neling curve and the optical absorption edge in the optical behavior, and therefore they
identified the tunneling structure with band structure. They found an absorption edge of
Sb at 200 meV. They associated this absorption edge with interband transition. If an op-
tical transition is allowed we may expect an absorption edge to occur at the corresponding
energy or perhaps a singularity of some other type in the absorptivity. If, for example,
the energy gap decreases as we move away from I, there should be a sharp drop in the
absorption at the energy corresponding to the band gap at I'. In any case, singularities
are expected in the optical conductivity, which reflect the band gaps at symmetry points.
Unfortunately, the predominant structure in many cases does not arise from energy bands
near the symmetry points but from large regions of wave number space where the bands
are nearly parallel. Experimental studies of optical absorption in semiconductors unques-
tionably give information about the energy bands, but the interpretation is difficult and
often ambiguous. The minor peak is quite ill defined as it depends strongly on the choice
of background. They proposed that this peak may correspond to a hole Fermi energy,
since it occurs near the plasma frequency.

Curves of Figs. 30 (b) and Fig (c), which shows the results in Sb films exposing
the preferred, and the polycrystal orientations, respectively, are rather different from the
curve of Fig. 30 (a). It turns out that the change in the tunneling conductance in curves
of I'igs. 30 (b) and (c) is definitely more enhanced in the negative bias. The enhancement
of tunneling conductance below the bias region at which the tunneling conductance is

minimum shows clearly the increase of the area (i.e., the allowed states) in the k, — k,

plane which tunneling electrons can see. This demonstrates clearly that the appearance
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Figure 30: Tunneling conductance d/dV versus bias voltage of Al-Al oxide-Sb tunnel

junctions measured at 4.2 K. Sb thin films prepared by different preparation conditions

are (a) single crystalline, (b) preferred, (c) polycrystalline.




of different crystalline faces (i.e., Fermi surfaces) can affect the shape of the tunneling

conductance, although it has not been clear what kind of transition of tunneling electrons
causes this change in the tunneling conductance (i.e., into which electron or hole pocket
the transition occurs). Moreover it finds out that as the orientation of the crystallites of
the Sb film changes from single crystal to polycrystal, the symmetry about the conduc-
tance minimum becomes better, in other words, the shape of the tunneling conductance
becomes close to that in a metal-insulator-metal tunnel junction. The definite change of
the tunneling conductance corresponds well to the forecast made by Harrison[182] that as
the number of crystal faces increases, different band edges almost equally weighted would
be observed near the Fermi energy and that the collection of all bands would behave as a
single free electron band. (See appendix for the use of the quantum size effect in tunneling
to probe the anisotropy of Fermi surfaces.)

In the course of tunneling measurements on Sb thin films, a strikingly different tunnel-
ing conductance than that usually observed has been obtained. Figure 31 shows a typical
conductance data. This curve shows some characteristics compared to the usual tunneling
conductance of Sb films. They are mainly: 1) conductance minimum shifts to the larger
bias voltage (~ 205 meV), 2) the larger decrease of the conductance in 0 ~ 180 meV, 3)
the appearance of the conductance plateau, 4) the appearance of the conductance peak
at - 478 meV. The origin for these characteristics remains open; however, the change of
the shape in the tunneling conductance may suggest a certain deformation of the electron
and hole Fermi surfaces as well as the overlap of the conduction and valence bands in Sb.

In identifying the tunneling conductance with band structure, additional experimental
results provide substantiating evidence. The curves taken at 4.2 and 77 K are shown in Fig.
32. As is clear from this figure, the d//dV curves are almost temperature independent.
Curves taken at 4.2 and 77 K are almost superimposed except for the small thermal
smearing at 0 meV in the tunneling conductance at 77 K, and the energy values of the
conductance peaks remain unchanged.

Next, Figures 33, 34, and 35 show the second derivative spectra of Al-Al oxide-Sh
tunnel junctions. Phonon frequencies have been measured in different methods by several
groups. Lannin et al[183] reported the first- and second-order Raman scattering for Sb.
The first-Raman measurements only yield information about & ~ 0 modes, and the second-
Raman measurements give useful information about the single-phonon density of states.
This result is a consequence of the Raman scattering being primarily due to overtone
scattering processes involving two phonons of the same branch of equal and opposite wave
vector, rather than combination modes from different branches. The phonon dispersion in
the I'T', I'L, and I'X directions has been measured by Sharp and Warming[184]. Salgado

et al.[185] have reported neutron scattering from polycrystalline semimetals using the
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Figure 31: A strikingly different tunneling conductance dI/dV versus bias voltage of Al-
Al oxide-Sb tunnel junction measured at 4.2 K (curve (a)). The curve (b) is the same as

that in Fig. 30 (a).
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Figure 32: Temperature dependence of tunneling conductance for Al-Al oxide-Sb tunnel

junction. The measurement temperatures are (a) 4.2 K and (b) 77 K.




technique of Oskotskii et al.[186] for coherent neutron scatterers. Their results, which yield

the approximate density of phonon states, are of limited resolution of the optical modes
and do not indicate the detailed features. Sosnowski et al.[187] calculated the theoretical
optical phonon density of states. Being common to Figs. 33, 34, and 35, these spectra
consist of peaks attributed to intervalley acoustic phonon at ~ 8 meV, optical phonon
at ~ 18 meV, and the second harmonic (overtone) optical phonon at ~ 36 meV from
comparison of neutron scattering and Raman scattering experiments![183, 184, 185]. Of
these, it is likely that the intravalley acoustic phonon peak is assigned to that in I'T'(\,)
direction; however, other two phonon peaks occur at an energy corresponding to certain
phonon branches and can not be assigned to a single region of the Brillouin zone.

The overtone optical phonon peak is almost superimposed on the Al longitudinal
acoustic phonon peak in the bias voltage region[190, 191]. However, the phonon structure
can be largely ascribed to that of the Sb overtone phonon from the comparison of shape
in the lower energy region of this peak. That is, the Al phonon peak has upper convex at
lower energy region, on the other hand, the Sb phonon peak has lower convex. Moreover,
the Al phonon peaks at lower voltages are never observed. Probably, this would be due
to the fact that the Al is a weak-coupling material and that these are masked by the
Sb phonon peaks. The observed variation of intensity among the intervalley acoustic,
optical, and the overtone optical phonon peaks in both bias voltage directions can be
ascribed to the background effect in the tunneling conductance. It is noted that no mode
mixing is observed between the acoustic and optical phonons, although the mode mixing
was reported to be observed in the microcontact spectra of the Sb by Yanson et al.[192].
The experimental results in this study suggest that the selection rule for the two-phonon
processes which precludes mixing of phonon polarizations, derived from the multichannel
theory of inelastic electron tunneling in metal-insulator-metal tunnel junctions by Adler
et al.[97] is operative.

Here, it should be discussed that in point contact spectroscopy (PCS)[193, 194], mode
mixing can not be observed for materials with the short electron mean free path. This
means that electrons must be injected ballistically through the contact in PCS. That
i1s, PCS is a spectroscopy applicable to samples where electron mean free path is long
enough. This is contrast to the detection process for elementary excitations in tunneling
spectroscopy. In fact, when PCS is applied to the sample in which mean free path is short,

l-phonon peak as well as multiple phonon peak become difficult to observe. This propose

"The number of optical phonons decreases exponentially with decreasing temperature. As a result,
the scattering of an electron within the annihilation of an optical phonon is significant only at high
temperatures. That is, anti-Stokes scattering can be ignored in tunneling process at low temperatures.
However, in the process of scattering a new optical phonon can be created by an energetic electron at

any temperature. This process has a weak temperature dependence.
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that PCS is probably a spectroscopy more sensitive to the electron mean free path than

in tunneling spectroscopy. The effect of the mean free path for the phonon detection is
not evident in tunneling spectroscopy; however 1-phonon peaks are all clearly observed al-
though 2-phonon (mode mixing) peak is not observed. The condition for which 2-phonon
peak can not be observed in PCS, therefore, could not account the experimental result in
this study. It should be noted that the point contact spectroscopy and the tunneling ex-
periment can be distinguished from each other. The comparison between the point contact
and the barrier-type tunneling was reported[195]. It was concluded that the barrierless
contact shows a reverse energy dependence of dV /dI compared with barrier-type tunnel-
ing. In addition to the peaks common to Figs. 33, 34, and 39, 1t should be particularly
emphasized that a shoulder or a peak is clearly observed near 0 meV in Figs. 34 and 35,
respectively. These structures have never been observed in neutron scattering experiments
or Raman spectra before. Sondheimer[129] pointed that the intravalley electron-phonon
interaction in semimetals could be different from that in conventional metals. Blewer
et al.[148] considered an effective Debye temperature #* Sondheimer pointed out in an
analysis of lattice thermal conductivity in Sb at low temperatures. They obtained 07 =
2.7 meV, 0f = 2.1 meV for electrons and holes, respectively. On the other hand, in this
study the corresponding shoulder or peak is observed at about 2.4 meV. It is therefore
identified that this shoulder or peak corresponds to the intravalley acoustic phonon. This
is the first observation of intravalley acoustic phonon peak in tunneling spectroscopy. At
present, however, it can not be identified to which transition in the valleys the shoulder
or peak should be attributed. The fact that an intermediate value was obtained between
07 and 0} is in agreement with the qualitative considerations made on the anisotropy of
the pockets and the existence of two bands of charge carriers. That 1s, the effect due to
the anisotropy would probably be more important than the effect brought about by the
distinction between holes and electrons, and tunneling electrons would see various cross-
sections of wave vector (k) spaces of both electron and hole pockets dependent upon the
exposed crystal faces. The definite appearance of an intravalley acoustic phonon peak
in tunneling spectra on the definite crystal faces demonstrates clearly that the confirmed
anisotropy of phonons in Sb films produces anisotropy in the second derivative curves.
Another point to be particularly noted is the difference of the half-width between inter-
valley acoustic and optical phonon peaks. That is, the half-widths of these peaks in Fig.
34 and Fig. 35 are much smaller than those in Fig. 33, and as the result, the separation
of these peaks becomes much better. This also demonstrates that certain phonons can be
detected selectively by specular tunneling. Such anisotropy of tunneling spectra has never
been reported before. However, it has not been clear what kind of transition of tunneling

electrons causes this change in the tunneling spectra (i.c., into which electron or hole
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Figure 33: Second-derivative tunneling spectra of Al-Al oxide-Sb tunnel junction mea-
sured at 4.2 K. The Sb is “single crystalline”.
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Figure 34: Second-derivative tunneling spectra of Al-Al oxide-Sb tunnel junction mea-

sured at 4.2 K. The Sb is “preferred”.
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Figure 35: Second-derivative tunneling spectra of Al-Al oxide-Sb tunnel junction mea-

sured at 4.2 K. The Sb is “polycrystalline”.
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pocket the transition occurs); this is probably due to the anisotropic (lower-symmetrical)

locations of electron and hole Fermi pockets (that is, the tunnel transition into identified
pockets is impossible for Sb).

It 1s noteworthy that all the intervalley phonon peaks in both preferred and polycrys-
talline Sb films correspond well to those in a single crystalline Sb thin film. Furthermore,
these peaks correspond well to the results from neutron scattering experiments in single
crystal Sb. This result leads to the idea that the electronic and phonon structures in
both preferred and polycrystalline films are the same as those in the single crystalline
film. If the electronic and phonon structures in preferred and polycrystalline Sb films are
different from those of the single crystalline Sb, the positions of electron and hole pockets
would also change. In that case, the positions of intervalley acoustic and phonon peaks
should also change on the basis of the fact that the intervalley phonon peaks are closely
linked with the electronic structures since the electronic and phonon structures of Sb are
anisotropic. The experimental result that the difference of intervalley phonon peaks in en-
ergy can not be observed although the intravalley acoustic phonon peak is clearly observed,
demonstrates conclusively that the appearance of the intravalley phonon peak is caused
only by the exposed crystal faces, and not by the change in the electronic and phonon
structures. The change in the crystal orientation of thin films could cause tunneling elec-
trons to see the different scattering cross sections for electron and hole pockets. Another
point to be noted is that the bias region at which the appearance of intravalley phonon
peak corresponds well to that at which the rate of increase of tunneling conductance is
more enhanced. This shows clearly that the number of allowed gl states is also increased
as the number of allowed k!l states is increased. As the result, the selective excitation of
phonon becomes enough possible. Note that the intensity of phonon peaks in the tun-
nel spectrum generally becomes weaker due to the effect of steep background tunneling
conductance. The above experimental results for tunneling conductances and tunneling
spectra gives us a coherent picture that the observation of anisotropy of Fermi surfaces
and phonons in tunneling spectroscopy is closely linked together through Eqs. (5) and
(25).

Red’ko[188] et al. investigated the electrical conductivity a(1'), the electronic compo-
nent k¢(7') of the thermal conductivity due to electrons, and LT Y= we o = (a?ki/3e)
<T[7,;‘F/Tgp) to obtain information on the electron scattering mechanism in Sb. If the carri-
ers in a metal are scattered by phonons then its o, k., and the relation between o and Ke
change with temperature in the following way. At a temperature 7" high in comparison to

the Debye temperature ©, where all of the phonons are excited, which can interact with

the current carriers, then: 1) o ~ 771, 2) , ~ T9 = const, and 3) the Wiedemann-Franz




law k./oT = Ly is fulfilled, where the Lorenz number Lo 1s a universal constant:

m? (A‘B)Q 5, ~-81,2 2
big=te= ) = 20 3¢ 107V * Ldeg?,
3 \ e
while o and &, differ by factors of a hundred for different metals. In this case the electron
scattering is elastic and the relaxation of the electron distribution function f 1s character-
ized by a time 7, independent of the deviation of f from equilibrium due to the electric
or temperature fields (1, = 7.,). With ' < ©, where one begins to “measure” the large
wave vector phonons, the ability to scatter an electron by a large angle and the momen-
tum relaxation of f are slowed because: 1) o begins to grow rapidly with decreasing T’
(theoretically in the simplest case o ~ T~%); 2) there is also an increase of ke although
not so fast (theoretically in the simplest case xk ~ T'~?) since relaxation of the function
f displaced from equilibrium by the temperature field can also arise from thermal small-
wave vector phonons, which even during small-angle electron scattering always effectively
equilibriate their energies; 3) the indicated difference in the rate at which f relaxes (when
it 1s displaced from equilibrium by either an electric or temperature field) means that
with 7 < © the phonon scattering becomes inelastic, 7, > 7. , an the Lorenz number
L will cease to be a universal constant and will decrease with decreasing temperature
(theoretically as L ~ 7'?) until impurity scattering comes into play, which is elastic. With
the increasing role of impurity scattering L(7') passes throughout a minimum and begins
to increase up to the initial value Ly. It can be seen from their data that for Sb with
1" > 25 K neither o(T) nor £.(T) follows the regularities expected with 7' > ©* where
O is the above effective Debye temperature for the electron-intravalley acoustic phonon
interaction determined by the Fermi energy, while the curve is lower than Lo, which, in
view of the degeneracy of the carriers, indicate an inelastic scattering mechanism already
with 7" < 100 K. The two minima on the curve L(T) indicate the existence of two inelas-
tic scattering mechanisms with two values O3 and ©%. One of them occurs with 7' < 10
K, i.e., with 7' < O ~ 2.2 meV and is due, one might suppose, to the measuring of the
phonons which can scatter carriers by large angles within the Fermi surface of one ellipsoid
(intravalley acoustic phonon scattering). The rise on this part of the curve with 7' < 4 K
is due to the growing role of elastic impurity scattering. The other inelastic impurity scat-
tering mechanism, which appears in L(T") between 100 and 10 K, can be due to intervalley
acoustic phonon scattering with Umklapp scattering phonon processes between different
ellipsoids. Such Umklapp processes should involve participation by larger wave vector
phonons with higher values of ©*. From their experimental data on ke(T), o(T), and
L(T), ©5 = 8.6 meV, which corresponds approximately to the theoretical estimate which
can be gotten from the model of the Sb spectrum[189] and is the effective Debye temper-

ature for intervalley acoustic phonon scattering. The investigation of the Lorenz number
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thus gives us some information on the dominant electron-phonon scattering mechanisms

In certain temperature regions.

Moreover, being common to the tunneling spectra of the above three types, the over-
tone optical phonon peak shows an asymmetric band structure. From a comparison of
the Sb overtone phonon tunneling spectrum with previously reported phonon density of
states[183, 185, 187], it finds out that the symmetry of the tunneling spectrum is opposite
to that of the reduced Raman spectrum and that it is similar to that of the theoretical
phonon density of states. The slope of the peak in both the tunnel spectrum and the the-
oretical phonon density of states becomes steeper at the higher energy side, on the other
hand, that in the reduced Raman spectrum becomes steeper at the lower energy side. It is
noted that the behavior of the overtone phonon peak is common to all three kinds of spec-
tra. The detailed theoretical calculations for both “bare” phonon density of states F'(w)
and “electron (or photon in Raman spectra) - phonon coupling function weighted” phonon
density of states a®F'(w) are at present completely lacking for the semimetal. The above
comparison, however, would provide qualitative information about the electron-phonon
coupling in Sb. It is understood that the coupling function QFaman(@) in the Raman

spectrum would change rapidly at lower energy, but that in the tunneling spectrum the

2
tunnel

coupling function « (w) would change rapidly at higher energy[183, 185, 187]. Such
an asymmetry in the overtone phonon peak was not observed in the point contact spectra
of 5b by Yanson et al.[192]. This might be due to the difference in the energy dependence
of the electron-phonon coupling function for the tunneling spectroscopy and the PCS. But

clear explanation for such differences in the coupling function remains open.

4.3 Disorder Induced Semimetal-Metal Transition: A Tunnel-
ing Study

The metal-insulator transition has been a subject of study for the last decade and much
progress has been made in understanding the physics in disordered materials[196]. In a dis-
ordered material the electron motion is diffusive, hence, the electron screening is retarded
and the Coulomb interactions among electrons are enhanced. The electronic properties
of weakly disordered metal at low temperatures are governed by the effect of long-range
electron-electron interaction, which leads to a correction of the N(FE). Tunneling anoma-
lies in the N(E) have been widely observed in amorphous (magnetic) alloys[44, 46, 197],
granular metals[198], doped semiconductors[199], and weakly disordered metals[74, 83].
But, for example, granular metals include essentially a correlated system of rather reg-
ularly alternating metallic and insulating regions(200]. More attention has been paid to

much more complicated and interesting structures, which would occur when the random

solid mixture appears as a result of an aggregation process or of a phase transition in some




parts of the sample[201]. For the latter case, it is well known that inhomogeneous Sb films

can be prepared as the random mixture of amorphous and crystalline phase - a collection
of amorphous spots of Sb embedded in an otherwise semimetallic film - by the deposi-
tion under high evaporation rate[202, 203]. In contrast to the quantum correction due to
weak localization and electron-electron interaction in disordered metals which seems well
established, tunneling experiments have not been almost made on the electron-electron
correlation in disordered semimetals. The theory of Altshuler and Aronov is for single-
carrier, single-valley metallic systems, with no accounting being taken of the existence of
two-carriers (electrons and holes) and intervalley scattering between separate volumes in
momentum space, which occurs in semimetals. It has not been clear whether the above
mentioned theory is valid for such a minor carrier system. From the above points of view,
electron tunneling experiments on inhomogeneous Sb films have been performed[204].

In Fig. 36 the typical differential tunneling conductance G(V) vs. voltage curves
at 4.2 K are shown. Negative bias corresponds to raising the Fermi level of the Sb
with respect to that of the Al. For the curve of Fig. 36 (a) of the polycrystalline film,
the G(V') shows structures at voltages corresponding to the band edges of the Sb as in
usual metal-oxide-semimetal tunnel junctions[180, 181]. On the other hand, the curve of
Fig. 36 (b), which was measured for the inhomogeneous film, shows an anomaly with a
minimum at the Fermi energy and symmetrical around zero voltage. First, it is examined
whether this zero bias anomaly can be interpreted in terms of the theory of electron-
electron interaction in weakly disordered metals. Altshuler and Aronov theory provides
a framework of quantitative analysis[69, 70]. As described previously, the behavior of
corrections of the V() for three-dimensional and two-dimensional disordered metals are
square-root and logarithmic, respectively. For a given thickness of the film a dimensional
crossover occurs as a function of the energy of the electrons. For low energies the N(E)
behavior is logarithmic and is square-root for higher voltages. A critical energy separates
the two dependencies. The tunneling conductance near zero voltage is shown as a function
of \/e[V|in Fig. 37, and as a function of In(e|V|/Ey), (Ey = 1 meV) in Fig. 38. From
the figures it finds out that the measured G(V) behavior yields a good agreement to the
theory. The voltage dependence of the tunneling conductance for the film investigated here
is logarithmic for low voltages and square-root for higher voltages. The experimentally
observed critical energy is about 5 meV. The square-root behavior can be obtained up to
about 25 meV. This value is comparable to those observed in disordered metal films([82].
The logarithmic G(V') dependence for low voltages can be clearly observed except the
thermal smearing of the Fermi level. From the above examination we can see that the
G(V') behavior in inhomogeneous Sb films can be well interpreted in the framework of the

Altshuler and Aronov theory.
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Figure 36: Tunneling conductance G(V)/G(-600 meV) vs. energy for junctions with (a)

polycrystalline and (b) inhomogeneous Sb films at 4.2 K.
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Figure 37: Normalized tunneling conductance G(V)/G(0 meV) vs. (6|V')1/2 for the

inhomogeneous Sb film.
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Figure 38: Normalized tunneling conductance G(V)/G(1 meV) vs. In (e|V|/Ey) (Ey = 1

meV) for the inhomogeneous Sb film.




Next the G(V') behavior at higher voltages is considered. In Fig. 36 (a) a major con-

ductance bump is observed at -180 meV and the conductance increases almost linearly
between 400 and 600 meV. The conductance behavior agrees well with those observed
earlier[180, 181]. On the other hand, in Fig. 36 (b), the shape of the background conduc-
tance is the roughly parabolic-shaped one with asymmetry, which is due to the barrier
shape effect[205].

The conductance behavior observed at higher voltages in Fig. 36 is typical in usual
metal-insulator-metal (and not semimetal) tunnel junctions and the energy band structure
in Sb disappears completely. It should be noted that amorphous Sb is a semiconductor.
Hence 1t 1s considered that the above experimental observation shows a feature of a
semimetal-semiconductor two-phase system. The facts that the band structure in Sb is
completely absent and that the observed conductance exhibits a parabolic shaped one
as in metal-insulator-metal junctions certainly indicate that the N(£) in inhomogeneous
Sb films is increased except near at the Fermi level, compared to that of polycrystalline
Sb. It seems reasonable to consider that the formation of a metallic, degenerate, electron
gas in the inhomogeneous film leads the film into electron-electron interactions and weak
localization in the weakly disordered metals.

Moodera and Meservey[206] observed the similar absence of the energy band structure
in Bi in tunneling conductances measured at higher voltages. However, in their samples,
Bi film was deposited on a layer of 1 — 50 A of Ni. They showed that the Bi films grow
pseudomorphically as an fcc phase, in contrast to the orthorhombic structure of bulk Bi.
That is, Ni film acts as a seeding layer that drives the subsequently grown Bi film into
the above crystal form. Certainly, the Sb film can also grow as a pseudomorphic Al-type
phase (a close-packed structure with coordination number larger than the usual A7-type
one) which exhibits a metallic behavior, and only by vapor-quenching on CaQ and SrO at
4.2 K[207]. However, the realization of such a single metallic phase could not lead to the
conductance behavior as in Fig. 36 (b). Indeed, the observed samples are inhomogeneous
ones in contrast to above mentioned films grown in an epitaxial manner. It is therefore
inconceivable that the same argument can apply to this study.

We should remember that tunneling experiments are sensitive to the structure of the
investigated films near the junction interface. In tunneling experiments the physical prop-
erties of the investigated films are probed by tunneling electrons only within the sampling
depth from the interface. The sampling length is small in disordered materials. On the
other hand, the metastable phase of the metal usually exist only at low temperatures or
high pressures[208], but may also exist in extremely disordered regions[209], which will be
most obtained in the vicinity of the junction interface in this study. This result therefore

seems to suggest that an unknown metastable metallic phase of Sb exists at the junction
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Figure 39: Tunneling conductance G(V)/G(-600 meV) vs. energy for another typical

junction with inhomogeneous Sb film at 4.2 K.
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Figure 40: Normalized tunneling conductance G(V)/G(0 meV) vs.
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interface due to disorder induced semimetal-metal transition.

Fig. 39 shows another typical tunneling conductance vs. voltage curve at 4.2 K. The
tunneling conductance near zero voltage is shown as a function of (/e|V| in Fig. 40, and
as a function of In(e|V|/Ey), (Eo = 1 meV) in Fig. 41, respectively. From these figures,
it finds out that the observed conductance shows the similar behavior as shown in Fig.
36. That 1s, the voltage dependence of the tunneling conductance is logarithmic for low
voltages and square-root for higher voltages. The critical energy is about 5 meV. In this
case, the square-root behavior can be obtained up to above 60 meV, whose value is much
larger than those obtained in granular metal[198] and weakly disordered metals[74, 83].
This value 1s comparable to that measured in a quench-condensed Tly;Tegs film where
the composition is near the value at which the metal-insulator transition occurs. Such
a behavior to higher voltages seems to be a feature in junctions with more complicated

structures.

5 Conclusions

The present dissertation has been concerned with tunneling spectroscopy in a V-VI
narrow-gap semiconductor ShyTes and a semimetal Sb, which is a constituent of the
compound semiconductor. Especially, the interest has been focused on two fundamental
aspects in elastic and inelastic electron tunneling processes.

In the study described in this dissertation, the following three points have been clari-

fied.

1. In Au-SbyTes-Al tunnel junctions, a narrow width zero bias conductance peak with
a symmetric undershoot structure is found. This behavior i1s described, except for
the undershoot structure, successfully by a tunnel equation where a nonparabolic
I —k dispersion relation of Kane’s type is involved. It finds out that the appearance
of zero bias peak i1s due to the singular position of the Fermi level just above the
valence band edge in the SbyTes. It should be particularly noted that impurity
bands are observed even in the stoichiometric SbyTe; sample clearly. This may be
associated with the fact that an SbyTes 1s found to be a necessarily heavily doped
p-type narrow-gap semiconductor due to the existence of the higher concentration of
antisite defects. The observed conductance behavior demonstrates the significance
of the dispersion relation in the tunneling barrier when we analyse a tunneling

phenomenon through a solid with conduction- and valence bands.

2. Electron tunneling measurements have been carried out to investigate the confirmed

anisotropy of I'ermi surfaces and phonons in tunneling spectroscopy. Depending
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upon the texturization of antimony films, the systematic change in the shape of the

tunneling conductance is observed. As well as the intervalley acoustic and optical
phonon peaks, the appearance of the intravalley acoustic phonon peak is found in the
second derivative curve. This is the first observation of the intravalley phonon peak
in tunneling spectroscopy, and of the anisotropy of Fermi surfaces and phonons in
tunneling spectroscopy. The overtone phonon peak exhibits an asymmetric structure
contrary to that of the Raman spectrum. This asymmetry has not been observed in
point contact spectroscopy. This fact suggests that the coupling constant a2 (w) is
different from the ap(w). It is important to note that the tunneling spectroscopy

and the point contact spectroscopy can be distinguished from each other clearly.

In tunneling measurements on inhomogeneous antimony thin films, tunneling con-
ductance shows a minimum at zero bias. This behavior can be explained by the
theory of the electron-electron interaction in weakly disordered metals. At higher
voltages the background tunneling conductance curve is almost parabolic with asym-
metry, typical in a metal-insulator-metal tunnel junction and the band structure in
the semimetal disappears completely. The formation of a metallic, degenerate elec-
tron gas in an inhomogeneous Sb film therefore seems to lead the observed behavior.
The realization of the metallic, degenerate electron gas could be occurred under the
existence of a higher disorder at the interface of the junction. The observed tunnel-
ing conductance behavior is of quite interest in that it is observed as the result of

the disorder induced semimetal-metal transition in the film.
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Appendix: The Quantum Size Effect in Tunneling to
Probe the Band Structures of Materials

We consider the possibility of using the quantum size effect in tunneling to probe the
features of the band structure along different directions in the Brillouin zone (1.e., the
band anisotropy) clearly[210, 211, 212]. When the mean free path of the tunneling elec-
trons becomes comparable with the distance between the boundaries of the ivestigated
film, one has to take size effects into account. The basis of the effects described below is
the quantization energy levels in thin films and interference between electron waves re-
flected from the film boundaries. When certain specific conditions are satisfied, the tunnel
conductance exhibits a system of equidistant maxima and the separation between them
(oscillation period) determines the velocity of carriers, whereas the nature of attenuation
of these maxima carries information on some parts in the energy band structure of a metal
and on the state of the surface of a film.

The simplest of the size effects is the formation of electron waves in a thin film of
thickness d regarded as a potential box. Interference between two electron states with the

momenta p, and —p, gives rise to quantum energy levels in the spectrum of the film:

,
=5 (o2 ), .
(¢

here n is an integer, p = 27h/Ap, and Ap is the de Broglie wavelength.

Observation of such quantized energy levels is possible if the irregularities of the film
surface are small compared with the de Broglie wavelength. The most convenient objects
for such investigations are naturally semiconductors and semimetals characterized by a low
Fermi energy and a long electron wavelength. Therefore the first reliable experimental
proof of the existence of the quantum size effect was reported for bismuth, which is
characterized by Er ~ 1072 eV and Ap ~ 10 =® cm[213]. In the case of metals, the Fermi
energy is high, I'r ~ 10 eV, the de Broglie wavelength is of the order of one interatomic
distance a ~ 10 8 c¢cm. This seems to be beyond the possibility of the investigations of
the effects. Nevertheless, the quantum size effect in metals has been observed[210, 211].

For the purpose of understanding the quantum size effect in metals, it is important
to remember that the thickness of real metals varies in discrete steps amounting to one
lattice parameter a: d = Na (N; an integer, a: the lattice parameter in the tunneling
direction). In fact, metal films consist of many blocks of different thickness and with

a perfect crystal structure. Such an experimentally unavoidable inhomogeneity of the

films naturally hinders the observation of the quantum size effect, because each block or




crystallite, depending on its thickness, has its own sets of energy conditions,

n Wﬁ‘ i
Py =N (70)

here x is the normal to the surface of the sample coinciding with the direction of the
tunneling current. However, because d is discrete, there are always special points in the
band structure which correspond to the so-called “commensurate” levels for which the
electron wavelength is an integral multiple of the crystal lattice constant in the tunneling
direction. These commensurate levels are common to a large number of different crystal-
lites of different thicknesses in a film. For example, an electron state with the momentum
projection p, = wh/2a will be a resonance state for any block with an even value of NV,

because we can always find such a value of n = N/2 that

pZZW—h—n—ZW—h- (71)
a N 2a

The main contribution to the tunneling comes from electrons with energy F,,, = (7h/2a)
(vy/2) (vg: the group velocity) and there is almost specular reflection of the quasiparticles
[214]. The dependences of the differential tunneling conductance, d*V /dI?% on the voltage
V for junctions are expected to show an oscillatory structure with equally spaced peaks
(AL = mhv,/d) due to the combined contribution to the tunneling current of quantum
levels of different crystallites in the film. We can see that an experimental investigation
of the quantum size effect makes it possible to determine the values of some of the special
points in the band structure of a metal and the group velocity of electrons at these points.
The center of the oscillation structure is located at U = IY — Er. The resonance electron
levels adjoining F decay rapidly away from F£. The subsidiary peaks in the spectrum
are damped compared to this central maximum. This damping is due to the distribution
of the crystallite thicknesses. The period of the structure varies with the film thickness
but its center remains fixed and corresponds to electronic states with p, = wh/2a in the
tunneling direction in the Brillouin zone. An analytic description of the oscillations of the
current was obtained[215].

We consider the conditions for investigations of quantum size effect. The local devia-
tions of a film thickness must be not greater than the Fermi wave length of the electrons.
Real films under investigations are usually not as smooth as one assumes in the potential
box model. The surface roughness, characterized by its amplitude, h, therefore influences
the observation. Another difficulty of observing the size quantization results from the
scattering of electrons at the film surface. Electrons which are inelastically (diffusely)
scattered at the surface do not follow the k. -quantization. At least a fraction p of the
free electrons has to be specularly reflected from the surface. The specularity parameter

p was introduced by Fuchs[216] to describe the thickness dependence of the conductivity
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due to a thickness dependence of the mean free path (size effect). This gives in principle

the possibility to determine the electron reflectivity parameter from conductivity mea-
surements. A third distortion of the observation of size quantized states is brought in
by volume scattering of the free electrons, which determines the mean free path, [, or
the relaxation time 7. The mean free path [, has to be larger than the film thickness
d. Finally the separation §E of the energy subbands has to be larger than the thermal

broadening kgT. If we introduce the band splitting AF,,

27-2
KRB, = By v B s

2m*d?
W2h2

m*d?

(2n + 1),

&

: g for mi1l,

the observation of the quantum size effect is restricted to:

thermal broadening

ksT < AE, (1)
lifetime broadening
hiT < AE, (2)
(which means [, > d)
surface roughness
h S )\F (3)

and specularity parameter

p # 0. (4)

The restrictions (1) and (2) can be easily met by investigations of very thin films at low
temperatures. The restrictions (3) and (4) usually prevent the observation of quantum size
states in metal films because they demand smoothness of the surface in atomic dimensions
and specular reflection of the free electrons. The growth of filins evaporated onto insulator
substrates usually starts nucleation into islands which leads to a rough surface after the
film becomes continuous. In addition, these polycrystalline films usually show rather
diffuse scattering instead of specular reflection of the electrons. Reflection (3) is the most

serious one. [t demands samples with a large Fermi wavelength of the free electrons, as
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given for instance in semimetals and degenerated semiconductors. Therefore, the quantum

size effects was first investigated with these materials.

It 1s expected that the energy band structure of a material can be probed along
other crystallographic directions by a method postulating that thin metal films exhibit
a polytexture[217], although the conditions for the appearance of polytextures are diffi-
cult to control. In this case the voltage dependence of d*V /dI? can show a complex
interference pattern formed by the superposition of electron standing waves produced
by tunneling into regions of the film which are textured along different crystallographic
directions and it can thus been demonstrated that the wide range of energies accessible
by tunneling techniques can give qualitatively new information which is not available by

other experimental methods.
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