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s S AB‘STPLACT, ,' e B P
A theory (Trof1menkoff< et al 1972) of a non- - k_‘

. ’ Y gt /“
'equlllbrlum electron tunneling in normal metal—.‘ ‘-", X

ﬁlnsulator-metal junctlons has been proposed to explaln T

B
PT_ERA

the presence of a small (ml%) conductance reductlon .'iﬂi o
’, around zero blas., In partlcular, the related struc--ﬁ ' |
ture in.o and do/dV have been accounted for by the
blocklng of’ otherwlse avallable electron states rl:,.';
:‘due to f1n1te electron relaxatlon tlmes 1n.meta1 | ”}'oh7, o
‘; electrodes.f Detalled measurements on Mg/Mg, Mg/Au and '
tAl/Al ]unctlons have been. performed and the resultS'
compared w1th predlctlons of the theory. In all cases
‘a satlsfactory agreement between the theory and the
;experlment was found. The lnclu51on “of non-equlllbrlum ‘5.
| phonons 1n metal electrodes has been suggested as a R

LA

further reflnement of the theqry.

Measurements on some Mg/Mg and Mg/Au junctlons
have shown an addltlonal 050111atory type structure
in the derlvatlve of the conductance. - The occurrence

\.

of the structure has been found to be 1ndependent of

L
Fop

metal electrodes; and barrler layers. Under the '

influence of external perturbatlons such as warmlng

n 3.
T
[

the junctions to room temperature, %pplylng DC bias AR
upto 1 eV and passing currents along the metal electrodes,
the properties of the Junctlons were 1rrever51bly al-

PR

tered. This suggests that 1mpur1ty contamlnatlon ogp
. . - . e . - bt »

(X3 - ¢



N s

-

"the barrier is respon81ble for the observed structure.

‘Tunnellng experlments have ‘been performed in

~

an attempt to observe the quantlzatlon of allowed
»

- 'L'h

energy 1evels in Bl fllms. The structure in'Bi/Bi

3 ctlons,however, could not be correlated with the
'.fllm thlckness thus renderlng the results negatlve.
As a byproduct of the 1nvest1gatlon, a phonon épectrum

.

: of. Bi ,has been‘determlned;

vi
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CHAPTER 1

THEORETICAL DISCUSSION

1.1 Introduction

The éoncept of a particle tunneling from a classi-
cally a%lowed region of space through a classically
forbidden region, into the sécond allowed region was one
of the early predic}ions of Schrddinger's wave equation.

The possibility that a tunnel current may flow
between metals separated by a vacuum® was first considered
by Frenkel (Frenkel, 1930). Sommerfeld and Bethe
(Sommeffeld and Bethe, 1933) extended Frenkel's calcu-
lation to the case in wﬁiCh the vacuum was replaced by
a thin insulating layer. The actual physical fabrication
of such a system was delayed until 1960 when the thin
film technology had sufficiently advanced allowing Fisher
énd Giaver (Fishe?, Giaver, 1961) >to build a tunnel
structure using aluminum-aluminum-oxide-aluminum. The
results of their experiments stimuiated é sequence of
,measurements on both normal and superconducting tunnel
junctions with far reaching results leading to a better

understanding of electron transport phenomena in metals.

1.2 Theory of elastic tunneling S

Bardeen (Bardeen, 1961) has regarded the tunneling



' process as a tran51t16n of an electron across the
"~ barrier: Wthh itself acts as a perturblng potentlal
The composite metal-insulator-metal 5ysteq is described
by Hamiltonians H,, H, of the left and rigﬁt hand
metals ahd Qéelelgctronig;genstates wl,and wzbwﬁiéh
are weakly coupled together by a perturbatioﬁ U (fig.l.1l).
Bf taking a linear combination'of‘\pl and wz we seek then
‘. a modified éolution to the,{ifiﬁgsﬁehdent Schrodinger
equation. Knowing ¥, and y, the transition matrix
. element M,, of the Hamiltonian between states ¥, and ¥,
can then be calculated,using_the method of time depen-
'dent perturba;;gs theory. |

The transition probablllty P12 per unit time of
an electron in a state wl to a state wz is then given by

o

‘Fermi golden rule

B

%"}Mlzl £2(1-£39) o (1.1)

where o, is the density of final states in the metal 2.
fi and fg are the Fermi-Dirac probabilities ’of occupa-

tion of states wl and wz.

As af approximation for the electron cﬁrrent
dénsity between the two metals, an independent particle
model is used. It is assumed that the metal-insulator
interface is planar and that the component of the wave

number parallel to the plane of the barrier, k”; is



Fig. 1.1
' J
Transfer Hamiltonian Model
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onserved before and’ after th transmLSSLOn.‘»The'total
energy of the electron of course,ls conserved and this
is implied when writing eq. (1.1). To obtain the tunnel-

ing current from etai 1 to metal 2, Piz is summed

"
.

summed over kli' multi-

'

over all states 1 of,fixe:/r
charge ‘e of the electron.

plied by 2 for spin and b
The sum 0ver states l may be replaced by an 1ntegral
over energy ‘at fixed wave number kllr Subtracting . the
current from metal 2 to meta} 1, one obtains for the net

, o
current

4 . . -
1= f%g Z fl 12| pl(Ex)pz(Ex+eV)[fo(E)’fO‘E+eV)1dEx
0 . )

(1.2)

o , o
* where ' : -
1
(E-E.,) /KT
1 + e £l B

and py ij'= 1,2, represents a4 one dimensional density
of states, associated with the motion perpendicular to
N ‘ .. \ .

the barrier

=L (L2E i=1,2" S (1.3)

W R .

where L'gives the length of the metal. Unless otherwise
stated all energies are measured with reference to the
bottom of the conductlon band of metal 1. . Because of

the 1ndependent particle model, we. can wrlte E as

*-.



x H
*ff‘,_ ‘ . N
with | ‘?kz ﬁ»zkz
| E = — E_ = X .

n="m x = 7m

The'functional form of the matrix element ,|M12|2

depends on. the profile of the barrler potential used
~for the calculatlon of electron transm1551on probabi-.
lity. Harison, (Harrison, 1961) applying a WKB N

approximation found that

" D(E,E,.) 4 '
2 (E, |
o l? = = AL
4T PPy .

where the barrier transmission coefficient D is given

by

o , 3 :
.v - \ p— 2m - -
. D(E,gll) exp.( 2 l/;—f (U (x) - (B-E, )dx) . (1.5)

Substituting eq. (1.4) fer}|M1212 into eq. (1.2) we -

obtain
- 2e - o _ £© | ' '
I = X}z{ ,JD(E,EH)(f (B) - £°(E+ eV) dE, (1.6)
Il O - |

and find that the deﬁsity of states factors appearing
iﬁ'eq. (1.2) have cancelled with the matrix element so
that_the tunneling current ‘does not explicitly depend
"on them. The abseece of density of states in eg. (1.6)
is a result of the independent particie model, which

enabled the separation of the electron wave numker into

A



i
parallel and perpendicuiar'componente with respect to
the plane of the barrier and the renlacement of the
sum over the normal componentsrby“an“intégral over
energy‘Ex." Furthermore, the WKB aporoximation.is .
restricted only to regions Qhere the fractional chan;e’
in the.electron wavelength is smali i.e. %% << l.l
This is not satiefied for eleetrons near‘the band.edge,-
having small kinetic energy. Therefore, as Harrison
poinhts out, band edges’and energy gaps nay introduce
an .observable structure in the tunnellng current.

‘ The form of the matrlx element eq. (1. 3) and
its use 4in eqg. (1.5) implies that the tunYellng is
from one quasi—continuous band of states, tHrough‘the‘_
barrier 1nto another quasi-continuous band 'If,\on
the other hand, p2'1s aﬁset of localized surface states
or iﬁpurity states, the resulting matrix elément is no
'longer proportional to p;l but rather to 1, theAlife% v
time of the state (Penley, 1962), and the density of |
such states does not cancel. 1In general, 1f the rate
limiting‘qnantity in the.tunneling process is the
electron yelobit&, and if the velocity is inversely
proportional to the density of - states, which is
characteristic of\a band of single particle'states, -
then the tunneling current does not contain information
about the density of states. But, if the tunneling
process is primarily via traps and defect states in

il .



the insulator, which can be characterized by a life-
time T, ﬁhe éensity of states should not cancel.

Eqg. (l;é) can be-cast into a more convenient
form by converting the sum over kll to an integral
over kH and then to an integral over §]|, with

T g2 . _

(1.7)

) dE_dE
X

P

1 = Ammed J J (£° (&) - £°(E +eV)]D(E.,E
00 |
The upper limit on the integraéion over dEll;can_Be
determined from the qondition that ‘the component of
the wave number paraliel to the plane of the barrier

k and ‘the electron energy E are conserved durlng

I
transi;ion. hxchanglng the order of 1ntegrat10n in
eq. (1.7) and notlng that.D(E,E||) = D(Ex) and
Elr/aE = 1 we obtain

© ) E
4TmeA O jpy o . e
1=__T-Jlf(mff-w+eW}ﬁ2JDm£ &R (1.8)
0 ‘ 0 ‘

r

where A is the effectlve junctlon area.,

For 1llustratlon, we calculate the tunnellng

current at T = 0 K. Since

- £24E) - P +ev) =0

unless

E

1 - eV < E < Efl

when - ¥



£2(B) - £2(E+eV) =1

eq. (1.8) reduces to:

| Egy E -
1=4—m‘§—p‘—J - aE J D(E,) dE , (1.9)
h? 4 X , '
Efl—ev 0
or
E .
| £1 . ‘ :
I=4—"—m—§=§— (eV) j ‘D(E,) dE (1.10)
h 5 T

1
i

Qproviding‘that ev << Efl' The current is‘therefore
ohmic at low biases. The current at T # 0 K can be
connected to the current at T = 8 K (Stfatton, 1962)
. bvy ‘

rw,m) _ KB’
I(v,0) sin nCKgT

(1.11)

where C is a constant depen&ent on the barrier height
and thickness. The expected variation’of the current
with temperature is more apparent in edq. (1.11)

aissel, Glang, 1970) )

_ : ’ -
CI(v,T) - I(V,0) -9 (2.T) .
= S I =3x107° | (1.12)

AL(V,T

N

where £ is in A, and T and ¢ (average barrier_potential)
are in conventional units. For typical parameters

o =lev , 2 =304 T=5K
-5
AL(V,T) ~ 10

which is negligible.
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1.3 1Inelastic tunneling

Tunneling which involved a loss of energy by
tunnellng to localized impurities in the barrier was
first reported by Jacklevic and Lambe (Jacklevic and
Lambe, 1966) In studying Al-insulator—Pb tunnel
junotions, they hgbe noticed increases in the
conouctance of the Junctlons at characteristlc Voltages
| corresponding to‘vibrational freqﬂenc;es Hw of holecular
specie$s contalned in the 1nsu1at1ng region of tL
junction. The energy level diagram on fig. 1.2 allows
a visuelization as to how such processes can lead to
- increases in conductence. . |

N

Fig. 1.2 represents a tunnel junction energy
level diagram where the Fermi levels of the two metals
% are separated by the lenergy eV where V is the applied
voltage.‘.For simplicity let;us assume that the system
is at T = 0 K which means’ that the Fermi levels are
.sharp and the impurity present in the barrler 1s 1nA
its‘éround'state. Electrons may tunnel elastlcally

4

from metal 1 to metal 2 (process a). If a new echanlsm
e

exists so .that an electron can lose energy ﬁw to a
localized 1mpurity in the barrier as it is tunnelrng
.V(process b) a new channel will open up. This new

‘channel is p0551b1e only if there exist - empty states

in metal 2 at_an energY‘ﬁw less than El ThTS becomes:

possible when eV‘z‘ﬁm.
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Fig. 1.2

Schematic enefgy ) levéL diagram for
tunneling betwéen normal metals:
a) elastic tunneling , . ; N

b) inelastic tunneling.
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This onset of a new tunneling channel results in
a steplike increase in the conductance and § function
like structure in the derivative of the conductance.
A finite temperature will smear the Fermi surface of
both metals and thus it will smear the & function like
structure although it will'be centered arounds eV = hw.
The energy loss of the tunneling electron is not limited
only to losses to‘localized\impuritieég In fact, as
it'Qas shown by, Giaver and Zeller (Giaver and Zeller,
1968) and éthers, inelastic excitatipns due'to phonons
of ﬁhe bar;ier (Adler, 1969), phonons of metal electrode

(Rowell et al, 1969) itself, surface plasmons.(Tsui,

1969) , magnons (Tsui, et al, l97l)'ére possible.

L]



CHAPTER 2

. THE ZERO BIAS ANOMALY -

2.1 Introduction

The description of a tunnel junction at small
biases (eV << ¢) as an ohmic element (eq. 1.10) is
found to be adequate only when analyiing I-V curves.
Conductance meaSurements‘using derivative technf&ues
to an accuracy of 1 % have shown that the conductance

of a tunnel junction up to 500 meV is roughly para-

bolic

P N (2.1

Theore£ical calculations (Brinkman et al, 1969) have
explalned the offset of the parabola from zero ‘bias
as belng due to the barrier asymmetry arlslng from
different work functions of the metal electrodes.
Offsets larger than 50 meV were attributed to the
distortion of the barrier potential due to impurities
trapped in the junction. The parabolie fit by eq.
(2.1) is considered to be approximate in the sense
that if helps to determine the background conductance
level for any additional structure which ﬁay appear
superimppsed on the tunnel characteristics. Fig. 2.1

illustrates such a case (Chen,Adler, 1970). The set of

14 .



Fig. 2.1

Normalized condutance curves for jurictions with
various electrodes. The cﬁrves are displaced
verticall? by 0.1 for clarity. The scales'for.
Al-Al, Al-Mg junctions should be multiplied by
two. The insert shows the sizes of zero biaé

anomalies of some Jjunctions.
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curves for differentAjunctions is roughly parabolic
with weak conductance increases at 118 meV due to

inelastic exc1tatlon of alumlnum hydrate (Geiger et
al, 1969).

The insert in figf~2-l shows a structure around
zZero blas (commonly called the zero bias anomaly),.the
detectlon of whlch requlres conductance measurements
with a resolution to one part in 104 Dlsregardlng
the relatively large conductance drp_ﬁgr the Al/Ni
(junctlon, whlch is assoc1ated w1th‘the magnetic prq-
pertles of the nickel electrode (Rowell 1969), small ‘
conductance decreases (<l %) around zero bias in normal
metal-insulator—junctions (seen here: in al/Al and Al/Ag
junctions) were for a long time unexplained. The
structure does not fall into any other prev10usly
investigated»classes-of zero bias anomalies_explalned
on the basis of metallic, inclusions (Giaver,'Zeller,
_1968) or magnetic impurities inside the insulating
layer (Rowell, Shen, 1967). | ‘ /

A recent theory (Trofimenkoff et al,L1972)
through a nonequilibrium treatment of the tunneling
process has shown that the appearance of the low bias
conductance mlnlmum in M-I —M junctlons 1s closely

related to the f1n1te electron relaxatlon rates in

metal electrodes.

17
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In what follows, ‘we shall present the theoretical
model of describing thexxnrequllibrium tunneling process &

with its predictions which are relevant to experimental

verification.

~ i !
. . . F ’I

~n

2.2 Non-equilibrium theory of tunneling

A conventional theory df tPnneling (Chapter 1)
assumes that- the tunneling electron is in thermal
equilibrium w1th the rest of the electrons ihside the
metal. - This is expressed by u51ng the equilibrium |
Fermi—Dirac distribution function,sf°, in the calcula-
tion of the tunneling current. . i

Consider, however, the follow1ng argument. An
electron which penetrates the barrier finds itself at
certain energy level in the host metal. At'Hev4 temper-
atures, the final state of the electron 1s such that ‘
even at small imposed biases vl mevV, it is energetically
well above the thermally smeared Fermi sea (1 K-86 uwv) .
lThe existing-non—equilibrium situation is neutralized
only after a short period of time which is character-

ed by the relaxation processes in the metal. During
“the time the exc1ted state is occupied, by the v1rtue
of Pauli exclusion principle, all incoming electrons.
are effectively blocked. from entering the same state. i
If the decay times of the exc1tat10n were of the samec

order of magnitude as the time an electron decides
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’-

to penetrate the barrier, the blocklng of the avallable

states would manifest itself by a strong decrease in the

conductance ‘of the tunnel junction. The ‘use of

quillbrlum Fermi-Dirac dlstrlbutlon function is’ then
equlvalent to an assumptlon that the thermalization is
immediate. In other wordab the relaxation times of the
interactions are assumed to be equal to zero.

) To obtain quantitative predictions‘of the above:

‘mentioned process, a non-equilibrium distribution func—
tion has to be found,’characteristic of the existing |
situation in the metal electrode. This is done by

’

solving a transport model for the tunnel. current, based

(.’.

upon the Boltzmann equatlon.

2.3 Descrlptlon of the model.

-~ With reference to flg . 2.2, assume that‘an

‘\belectron tunnels from a state/(pl lnto a state wz. By
the virtue of Pau11 exclusion. pr1nc1p1e the final
state wz is unavallable for tunneling as long -as it
is occupied. However, through varlous scattering
processes, the electron is scattered out of the occu-
pied state, The competlng mechanlsms«of filling and

'emptylng the states soon establlsh across the junc- i

;

tion a steady state in whlch the rate of change of

the distribution function with time is zero of /3t = 0.

..



Fig. 2.2

~

Schematic diagram of~scatte:inq proéesses:
a) electron in a forwérd directicn

b) inelastic, scattering by phonon emission
. or absorption

c), d) elastic impurify.scgttering

€) specular boundary scattering
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Balancing the rate of change of'the distribution func-
tion in metal 2 due. to 1ncom1ng (afz/at)l+2 and outgoing

(sz/at)z*l) electron flux w1th losses due to scatter-

ing processes, (afz/at)scatt we have:

In relaxation time approximation

[Ex3) o Af k Y
scatt T :

where Af is the deviation of f from equilibrium
't = £0 + Af . : (2.4)

~and T is a time characteristic of scattering processes
which bring f back to equilibrium. With the help of

Fermi golden rule,eq;‘(2.2) is written as i

of. .
2 _ 27 2 _ _2m
se = F Mpl” erf - ) - F My,1 %008, a- £))
‘Af .
- — (2.5)
T .
or
Af )
2 27 2 >
= =7 [Mpplt e Ey - £)) . (2.6)
2 :
By symmetry a similar equation is.writtén for fl
Af :
-1 2
== F Mt ey - ) (2.7)

Tl,f
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Since the relevant quantity which enters the calcula-
tioq’of the tunneling current is the difference in the
distribution functions (eq. 1.8), the two equations

above are solved in that form:

’ £9 - £°
£~ £,= ' 1.2 ) (2.8)

27T 2
L+ oMl ley Ty + 07y

On the basis of experimental evidence, we expeét that

_the deviations from equilibrium are small. This permits:

Lo

to rewrite eq. (2.8)
: -
: _ (O _ O _2m 2. ;
£1- £, = (£] - £5) (1= My, Loy Ty + 0p7 1)
\ . . (209)

~
~

Therefore instead of the usual differense in the:
equilibrium distribution functions (£~ £5), (eg. (1.8),

the above relationship between f; and £, should be used .

in the calculation of the tunneling current. In the
next section we shall consider the nature of the
scattering processes, in order to détermine the different

relaxation mechanisms present in the metal.
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2.4 Scattering mechanism . ﬂjr

4
.

.An electron in the metal u9gergoee a number of
d " . .

collisions.which in general may alter its ehergy and
momentum. Ineiastic gcattering due to phonon emission
and absorption is characterized oy:a temperature and

~ energy dependent relaxatlon time 1 (e¢, T) A first order

‘calculation applied to an 1nteract1ng electron—phonon gas

(Wilkins, 1968) glves thejfollow1ng result:

‘Teplls',_s‘cr = ZT“'J a @iw) o2 (fw) F (hw) [28° (Fw) +
0 ) )

°

+ 1+ £%(e +hw) - % -hw)l. " (2.10) /

where € is the excitation energy measured relative to
the Ferm1 level. azF is a product fudction involving
the electron-phonon coupllng functlon o (ﬁw) and the

phonon density of states F (fiw). Qhe-equlllbrlum dis-

tribution function for the phonons is given by \

NO = et — - _ (2.11)
° kT .t "

Since the evaporated films are polycrystalllne and, -

thus have a characteristic of an 1sotrop1c material,

the relaxatlon time Tep is assumed to be 1sotrop1c. | ;
To fa0111tate a comparison of the theory W1th g

the experlment it is necessary to investigate the S

[ 4
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behaviour of Tep at low temperatures «and. low exc1ta—

tion energies. Approximating azF at low frequencies

by a powyer law behaviour

o]
T
Il
Y
E
o
]

integer

. a

L constent

Wattamaniuk (Wattamaniuk, 1972) found that

maq
1—17;)- = =2 (? 4 (mkyT) °] (2.12)
for n = 1, whereas for n = 2 ’
1 2na
ey ———*-—q{— 75(3)(k T) (2.13)

ep g+0

R 3

2ra '
1 L 2 lel (2.14)

Tep(E) T+0

where & (x) is a Riemann zeta function. .

The two limiting cases of Tep appear as a result

of a'controversy which at the present time exists on
the low energy'limit of o?F. At low frequencies F(w)
in the Deb%g»approx1matlon varies as m2. 'Therefor?

for n = 2,a° fiw) ,is a constant. Experlmental results

(Goy, Castaing,1973) point to this behav%pur.

25

Theoretlcal calculations (Carbotte, Dynes, 1&@@, Allen,A

Cohen, 1970) 1nd1cate a possible linear behav1our of

aZF due to Umklapp processes. We shall conslder both

- : . 7
- El - - -a
s , e
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cases sepafately, hoping, that the experimental results
will favour one limit. ‘

Lacking detailed knowledge about the structure
of evaporated films, scatterings due to'lattice defects,
imquities and diffuse boundaries are characteriged byv
a constant relaxation time T; i.e. the scattering'is
considered to be energy and tempegature dependent.

Another mechanism by which the blocking of the
incoming electron flow is decreased,is. obtained by an
application‘of a magnetic field perpendicular to the
direetion of the tunnel current.

An electron which penetrates the barrier will
travel away from it and can propagate across‘the film
before being scaﬁtered. Assuming specular ‘reflection
at the boundary, the electron is reflected back with a
reversed momentum. Upon reaching the metal-insulator
interface, it may aéain be reflected specularly, thus
revers1ng the momentum back to the orlglnal onej If
the travel tlme over the length of the fllm is much
lesg’fhan the time'an electron decides to penetrate
* the barrier or the scatterlng tinfe, then the electron
effectlvely remalns in its quantum state and contributes
" to the blocklng. osFor typical metals at energies close
to the Fe;mi level’Vfﬂ410< cm/sec and for a 1000 A

film, tne travelling time back and forth is‘NZXlO—l3:sec

.



4]

which is at least two orders of magnitude less than
. . A\ :
the relaxation times due to electron-phonon inter-

action ('\alO—l‘L sec at He4 temperatures) .

In the presence of the magnetic field (Fig. 2.3),

oriented perpendicularly to the direction of the
tunnel current flow, the Lorentz force induced drift .
provides a mechanism} whereby the spechlarly reflected
electrons move down the electrode and ultimately move
away from the tunneling area. In a classical picture,
the relaxation time associated w1th\thls process is
then equated to the time it takes an eléqtizn to drift
out of the junction area and thus be remove \(Eem the
forward blecking direction.‘ It is‘assumed that\gt»low
biases the magnetlc field 1ntroduces no apprec1able
changes in the Fermi surface of the metal whlch could
_ affect the tunne& current. The validity of this .
assumption is confirmed by the experimental results.
With teferehce to Figfv2;3,KX represents the
metal-insulator interface, which is at dietance L
away from the other end of the film. h magnetic field

of B kG produces a circular motion with radius

chf

R = . (2.15):

e ’

»

where c is speed of a light, and Ve is the velocity of

the electron at the Fermi level. During the time
; ’ ;

9



Fig. 2.3

Schematic illustration of magnetic
field induced drift velocity of a

tunneling electron.
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|3

: . ]
T = , the electron drifts down the electrode a
AB Vg «

distance S

2 .12 . (2.16)

n
I
el
f
ol
H
=

— 2 2 o '
AA =/S" + L ) ) (2.17)
TAB becomes:
2 2
ST + L,
Tan = ———V;—" . .(2'18)

“The drift velocity is given as:

) SV . ’
. £ | (2.19)

V. .... =
drift TAR > L2

‘and thus if w denotes the width of the fiim}

Varigt, "t _ w/Z /f——E% e
o ry W _ _ b
Tgpipr T ()= tl. 1 2] ) (2.20)
. v R . ,
| | R
For L = 1000 & and R(60 kG) = 20000 &, L/R <<.1 and

we can expand the square root in eq. (2.26) in powers

of L/R. Keeping the first non-zero term we have:

15

The final result shows that the effect of a magnetic
‘fleld is to reduce the blocking by a rate whlch depends

entirely on the geometry of the junctlon via the ( ) ratio.

-
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A magnetic field applled parallel to the tunnel
current prov1des no Lorentz force on. the electron and
thus should have no effect on the size of the zero bias
énomaly.

Recapitﬁlatinghwe haVeAconsidered three possi-.

ble mechanigms which may scatter electrons from a

giVen state:

a) Energy and temperature'dependent electron-phonon
scattering’time.

b) Temperature and'energy‘indepenqent‘impurity'
scattering time, which includes cdntributions
from lattice defects and diffuse boundaries.

<) . Scatterlng due te magnetic field 1nduced drift
veloc1ty ‘of the tunneling electron.,

Since the probablllty of a scatterlng is inversely

?roportional to the relaxation time and since the dif-

_ferent scattering mechanisms are independent of each

other, we can write

. :.1.=,t1 +'1'+T1 o (2.22)
T lep Ti  drift |

where T is the effective relaxation time of an excited

electron.



2.5 Predictions of the theory
Substituting eq. (2.9) into eqg. (1.8) the total
tunneling current I is given as |

3

I =T, + 81, | p | | (2.23)

where Io is the equilibrium current and'GI is the

blocking current

E

: §I = 4mmeA ' 0. : X 5
=73 £ (£° (E) = £°(E + eV) ) dE J p?(E,)
. ° . . 0 ) 7'}‘
B (E -E..) 1., (E=-E_, +eV) ‘
1 £l 2 £1° - _
[Tnh 51 (B | 2h p,(E,+ ev) ] (2.24)

e

When wrltlng the above equatlon we assume that the
energy dependence of the relaxatlon tlme is . comlng only
from the energy dependence of the electron-phonon_

counterpart.

Notice the dependence of SI in the square of

tne barrier transmission'coefficient thus’making §I .
a sensitive functlon of the 1nsulator tﬂlckness.
Furthermore,the density of states factors ‘did not
cancel'out as it happened in the calculation of the
eqnilibriuﬁ tunneling current Io. A density of states,
rapidly varying with energy, could tnen produce a

" structure in ¢6I. However, for small applled bias,
where experlmentally the blocking current 1s observed,

.

the den31ty of states is a smooth functlon of energy,

o

\'L_ .
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the variation of which wobl@ not be expected to have

significant effect on 6I. In fact, we can repiacen
D
Py !
level providing eV << Eg, G i=1,2

! J

the ratiO‘z%H i = 1,2, by its value at the Ferﬁi

D _ fi _ 1 . N
2mhp = =5 Vei T T ! i=1,2 g (2.25)

i . Bi

where V., is the Fermi velocity and L is the thickness
2 . .
of the metal i. Tz is the tunneling lifetime of an

‘electron in ith electrode.

‘Referencing the energies to the Eermi'level‘of
the left'hana metal, and realizing that due to the
: difference iﬁ the Fermi functions_ﬂﬁévonly significant
contribution téVSI arises from energieé closé to the
Fermi level, we rewrite eq. (2.24) as .

+o
o . : .
6T = - = f [Pp('e) -FO (e +eV) - (

A TB1 ' T%}

where ' : ' - .

1, (e) T,(ec+ eV) -
L. 2 ] de’.

o FO(e) = — le
eB+l

and Oq is the ideal zero bias conductance as defined

in eq. (1.10) v

N -
4nme2A £1
3

[o] =

o " ?(Ex) vdEx .. | (2.27)

o———m
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"Eq. (2.26) can be further simplified realizing that 1,
the effectivg relaxation time is an even funbtion of .

" the excié@tion energy since Teé by defiﬁi}ion (eq. 2.10)

is even) ﬁéing
$O(e) - FO(c + eV) = —FO(-e-ev) -F°(-€) (2.28)

we rewrite eg. (2.26) as:

[o 2]

| - fr (c

o (T4 (€) T,(€) ‘

§I = - _e‘l J[Fo(e) -FO(e+ eV)]-[—l——— + 2_ ]dE (2.29)
« . : ) Tp1 TB2 ,

-0

The blocking conductance Sg (V) = 6I(V)/d4v, normalized

to zero bias is given as:

50 (V) _ _ J de{; aFo(E)].{Tl(E-feV).+T2(€4-ev)}.x(2‘l_\
—Oas - J€E TRl _- Tgo ,

-}

It may be easily verified ﬁhat §o (V) is an even .function
of the applied bi§§'v. .Therefore, it is symmetric around
zero bias.

In further discussions we %ssume thét the junc-—
tion is symmetfié-and that the'aéplied mégnegic field

is equal to 0 kG. We write then

T, =T

B Bl‘= T and -Tl(E) = fz(e) ={T(?) .

B2

At 0 K we can evaluate the blocking conductance in a

closed form,



v » | '
6oé ) _ _ ZTieV)'- _ (2.31)
o B
where . /
1 _ 1 1 |
T Ty Tep(eV,T—O)

Recélling egs. (2.12)—(2.14), we,wriﬁe-

So(V) _ 2/Ty (2.33)
%0 A (zil)( V)2 i .
N T. Al Y e . .
1 L .
for d2F==aﬁmn, n=1, ag%
So(v) - - - | (2.34)
o, 1, AT 3 '
; =+ (=g )jev[

for n = 2. Figs.2.4 and 2.5 illustraté the blocking
* conductance and its derivative dsc (V) /dv for n = 1 and
n % 2. For finite temperatureé‘the'integral in eq.
(2.30)'ﬁas to be calculatgd.numerically. We write

eqg. (2.30) then as

v

S0 (V) _ _ I e [T (BkgT eV
%0 (eX+1) (€7+1) TB1
1. (xk,T +eV) '
+ 2B B (2.35)
‘ B2
. : . Ldéa (V)
The derivative of the blocking conductance —— T is

o]
given by

. 35



Fig‘ 2.4

Blocking conductance and its derivative at T=0 K

(assuming azF = anwn, n=1).
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Fig. 2.5
Blocking conductance and its derivative at T=0 K

: -

(assuming a’F = adwn, n=2),



n=2

az‘[i) .

S ._ts.v‘ -y

4

.




' . .1' dsg (V) _ J 1 ' R

Soany = — [S, (xk,T + eV)

A TS PR Cu s 1B
+ sz(kaT +ev)l oL (2.36)

where
. . E _; |

s(e) = - & (K L (2.37)

. B v ,

To parameterize the theoretical curves for T # 0 K, it

is convenient: to introduce a parameter Thr given by:

o

3

Fj = (2.38)

n

.
\
-

.3 ‘
.a
mTian n

! <

ThlS follows dlreétly from the 11m1t1ng behav1our of the

‘effectlve relaxatlon time at low temperatures.,

: 1 2
TNV —xg — for o°F v w (2.39)
o '+'52 + (1k,.T) '
‘ ma ty
and '
. . 4 '
. | ‘ |
T for T » 0  (2.40)
x .
. | ; L ‘
TV —p for ¢ + 0
— + 14g(3) (k;T) ‘
) i

if PP Aw? . (2.4D)
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Figs. 2.6 and 2.7 illustrate'the behaviour of

the blocking conductance”at.zero bias for a symmetri-
cal junctioh’as—a function of,temperature. A more
sensitive comparlson of the theory with the experl—

ment is obtalned by examining the behaV1our of the

maxlma (mlnlma) in J; %%g with temperature. Figs.

2. S‘and 2.9 show that the maximum in £ %2 decreases
0o dV
. in size as the temperature increases. The data
calculations\were normalized to 1 K. The corfespon-
ding peak positions shift to a higher bias.
The appllcatlon of a magnetlc field leads only

to a renormalizatlon of the scattering time assoc1ated

with the impur;tles.

4

‘o

. “(2.42)'

ThlS for example, at T = 0 K, and for o’F v w , results

in a Shlft of the pOSltlon, Vmax' of the,maximum in

1 déo .
3; X7 Using eq. (2.33) we find |

_ T, 1/2 '

(B) = (0) (1+ = ) :

Vmax Tarift

' (2.43)

There is a correspondlng change in the peak helghf
*
-3/2 . _
_ _Ldﬁd(‘;mag. ,0) e T4 , / PP
% Voo drift .

d(S\'O’ (V hB)
o |

L
- g
o



Fig. 2.6

Temperature dependence of. the blocking

conductance at zero bias (azF ='alw).
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Fig. 2.7

Temperature dependence of'the'blocking

conductance at zero bias (a%F = azwz);
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},peratu = depe dence of peak positions,

Voax (upper diagzam) and -peak amplitudes
‘1—dv—d6°e (lower 4 o f‘ .

= ower ‘diagram) for different values

df I (aF = ajuw).
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© Fig. 2.9

Temperaturé dependencé-df peak positions,

'Vmag (upper diagram) and peak amplitudes
1  dso '
e

— ———— "~ (lower dia‘ram) for différent values
O av Vmax - gra .

of T (azF = azwz);
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film (base layer) of required thickness is deposited.

A thin insulating layer is then formed on the top of

the evaporated £ilm. Finally a cross-strip of an‘another
metal is evaporated, thus forming a composite metal- ~
insulator—métal (MIM) system. Evaporated layers of In

or Ag served as contacts for electrical connection.

The junctions were prepared on Fisher brand.

\

microscopic glass slides ‘cut to a 1/2 inch square. .

The slides were washed with a detergent, air dried and
flame polished For some Bi/Bi JunctLZns freshly_cleared
mica was»used, washed in'methyl alcohol. The substrates’
were further cleaned by exposing them to the plasma of

glow discharge (Holland, 1961) prior to film deposition.

The size of the substrates allowed to make-two junctions'

with a common'base layer w1thout breaking the vacuum.

The films were evaporated from a reSistively

,

 heated nonvolatile support (filament) through a pattern -

P

Be

- 50
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forming mask, in close v1cin1ty‘bf which the sub-

 strate was placed. The filaments were ‘mounted

on a rotating carousel which allowed a proper L
indexing of the evaporated material. Cylindrical LT e
quartz chimneys placed around them prevented - o

a mutual cross-contamination of the metals. -Table
3.1 1lists ‘the selection of filaments for evaporation.

The distance between the vapour source and the sub-.

LY
)

strate was 7 inches.p' _
xhe vacuum chamber, enclosed in an 18 .inch bell

jar, wasupumped by an oil diffus1on pump with a liquid

nitrogen cold trap backed by a mechanical ‘pump. :A - 's .

L lite trap was 1nstalled between ‘the mechanical pump o

EE

and the rest of the system. The system. was ready for the

¢

evaporation after l hour of evacuation .with a pressure, . 4
1ower than ZXIO -6 torr. S
. .
. . . : . - R 1 .
3. 2 Formation of tunnel barriers - A

5

glow dfscharge techn:.que (Miles ar"‘s_m.;i.th',v' 1963)
e was used to prepare tunnel junotions of Mg a Al.'.It

cons;sts of setting up a disc arge between’t#b aluminum
|

eleetrqdes while the pressure of the systeﬁ vas maintained

between 100-600 gorr of eithei? 5% pure oxygen or

,  nitrogen of the same purity (for ug only) - The aluminum

‘ electrodes were 2 inches w1de, separated ?1/2 inch

a oo . - : ,“ S ’ AR . -"ﬁ’-_ L
. X oo . . . K Ceiwa .
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. Table 3.1
—— ; . ' 'p ’
sélection of Matgrials for Evaporation
. ‘ . E
Metal Purity Supplier Evapora®ion Sourde
: o - .,
N . W B i
Al 59 -~ A.D. Mackay’ E8~3X.030W. .
| | | coil
Mg ‘ 59 Johnsorni Mattey .817A-,005 Ta
" BRSO ‘ o : ‘covered boat
\ 4 ! R ‘
N Tt . . e
.0 Bi 69 | Cominco $39-.005 Ta N
S39- 005 Mo
boat
[
" Pb ""69 | cominco ‘s39-'005 yo
s . boat =
Au <. 59 - | . Comince $39-:005 Mo
. | S9A-.005 W
A g,;.@’ .
s i&if boat .
- ) hed L EL :/8";“ y

Evapofatidn'sourc

Y
Y
o,

ey o

es supplled by R.D. ‘Mathis Gompany

]t
o

;é!. T
.3"' . -

,1
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‘ ' ‘ ) 5 .
apart and placed 2 inch above the holder containing

the glass slide with.a freshly evaporated metal film,

. The polarityyoﬁ,the applied DC voltage was such that-

' ‘ ‘ o ST
the‘evaporator which was conductiveiy connected with

‘ s

‘:one of uhe\electrodes was at p081tive potential with

respect tqwthe secoﬁﬁ q}ectrode!& ‘The thickness of a
-1'“' a”c .
4 rown "by this mef_l:)\g depended on the

‘ )l
: A@nd xhe current ﬁlowrng through the electrodes.
A-‘. PR 'jj"."".' :'\’:J\‘
For a suocessful preparation of a tunnel.barrier it was
A
vy imqortant to keep a stable discharge W1thout random

\

@ ﬁQUCtuatlons._ Presumdﬁly the rapidly varyrhg electric

y
field produced pinholes in the thin 1nsu1ator. The :

e v

oxidation of Mg for 1-3 minutes in 100 200 torr of 02,

w1th a glow discharge current of 5 -15 mA was suffLCizht 1!!
to prodgce tunnel junctions with re51stances of,nomin- I
ally 200 h; Al required a 1aner oxidation time -

{
i

(5- 10 minutes) and’ highercpressure (400 torr), while Y

:'the current was 5-15 mA. To prepare Junctions in ni-

; ; trogen enV1ronment,the dislharge had to be: képt for
1‘35;40—-80 mix&utes w:.th current“s lup o 40 mA 2 and pressures _i
ranging between 400- 600 tPrr.‘ IR ‘.@;
“ . ) Repqé;ed experimeAts of produc1ﬁg an oxide of |
o Bi by the glow disclérge, technique erlied* in failure. -

,However,‘a method of thermal.oxidation (Hapase et al,

-

1967) yielded thick enough oxides to produce junctions

. . ) . ) 4 !
e e I ' - o -
' - ' ¥k L
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\ | s

having resistances,around 200 Q2. The oxidation procedure
* .

was as follows: After the deposition of the Bi film
the vacuum was broken and the substrate was placed in
£

an oven at 180°—220°C for 2 hours. Following . thls,‘t?e

substrate was again placed in the substrate holderﬁsagky

the vacuum chamber re—evacuated for the evaporation.of

the cross—filﬁ;

3.3 Film thickness determination ’" .

The thickness of films during vacuum~depo?

sition -was monltored by Sloan DTM-3 (Sloan Instr. Corp.) <

quartz cffbtal monltor.- The measurement utlllzes a'A@,

pr1nclple that the resonance frequency of a plezoelectrlcg
It-._

-crystal depends on the mass of the materlal dep051ted

on the surfaces of the- crystal (Eschbach and Kruidhoff,

’

1965). The mon1tor therefore con315ts of a crystal

.placed adjacent to a substrate oﬁﬁ% whlch the fllm is .

‘e

deposited and the-electrlcal equlpment fozmﬂeasurlng

the change | 1n lts resonance‘frequencfeq Eq. (3.1) .

!

relates the thlckness L of the deposzted metal to the

measured frequency shift Af (Stockbrldge, l966ﬂ e

o AE Tcaf T | ’
=3 — = . . i . 3.1
oAl :"ClCZ P p . : ( -.)

Cy lS’a constant/Lependent on the thickness and cut of .

[N

/
[
' N
J

.

)

9



57

the piezoelectric crystal, Czjdeéends_on the geometry

°0of the distribution of the deposit over the crystali

and p is the density of the material. The validity of
eq. (3.1) is restricted to mass deposits whlch are at
_most 5% of the mass of the crystal itself (Steckelmacher,
11965) For all practlcal purposes this conditlon was

satisfied. Ehnce the densxty of thln fllms is dlfferent from ‘

that of the bulk due to voids in the fllm (Hartman,‘ 965)

it is best to’determlne the mass sen51t1v1ty ratio C/p4 y 'fﬂ;;..

N o
“’ o / TR R
5 i

for each glven materlal experimentally, comblnlnﬁ ﬁe

e
,"' I

Shlft 'in the resonance frequency of the crystal w1ihoan
b . -_,_...‘i .
1“\'...‘77_- :),

optical thickness measurement u51ng Tolahsky interfe

meter (Tolansky, 1960) .

-

The interferometer 'gonSLSts of two sllghtly

1nc11ned optical flats, one of ‘them suppﬂ‘tlng the film

which forms a sf:ep on the sub!strate. Wheﬁxe segond ' q
optlcal flat is brought in contact with the film surface

~and the 1nterferometer 1llum1nated wrth a parallel

.
monochromatlc beam at normal 1nc1dence, dark fringes
are observed whlch trace out. the polnts of equal alr-

/ .

~gap thlckness. Thelr separatlon iss 1/2 where by lS the

wavelength of the monochromatlc lxght._ The fringes

show a dlsplacement as they pass over the fllm step
wd

: v
edge. The’ dlsplacement d exgpessed as a functlon

of A/2 fringe.spacing gives the film thlckness.
’ S N . x_ .

. . N 4_ d . ‘ A . . - . ,
L = fringe spacing 2 ° K : - B.2)
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In order that the phase change on reflection from the
two sides of the ‘step w111 be the same, it is necessary

to coat the film as well as the exposed glass surface
T e L . s -

[y

with the same reflectlng 511ver 1ayer, LN
Vrba (Vvrba, 1971) has described these measure-

ments in greater deta;l. The experlmentally determlned

\values of C/p are.the £ low1ng‘
°§§,gés, e

"o g A

Al - 940 R/ke
: Mg - 1480 R/kc )
Bi - 268 &/ke " /
Pb - 23; g/xc
Auw - 127 &/ch L. -

v

Tﬂé‘uncertalntles in the mass sen51t1v1ty determination

are approxlmately 5% and are of 1nterferometr1c and -
: , %.»
geometrlc origin. o

A3

3.4 Temperature measurement and control >

"The temperatures were determlned by a comblnatlon
of vapour pressure and germanium resistance thermometer
maasuremgnts. A 1958 scaie of temperatures (Dljk et al,
1960) w%prﬁsed to convert the vapour pressure to tem-
quature. %Poye the bo%}lng of He4, a germanlum ther-
mometer (Sc1eﬁ¥i£19 {pstruments, 4 10372) was used WLﬂ.

a chputer gene;ﬁﬁédeolynomial fit of the form '

Q
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3=

n : .
- J agH (in R) (3.3) .

whererak is the xt th expansioh'coefficientf H = the -

Chebyshev polynomlal of order k, T- temperature, R-

resistance of the thermometer.
: . . 4
By a controlled regulation of the He vapour
pressure, temperatures between 1 K and 4.2 K were

obtained. Sommers (Sommers, 1954) descrlbed a con—

venient manostat Wthh employs a thin teflon ¢iaphragm,
z
which bows out when there is a pressure dlfference

across it, thus blocklng the pumplng orlflce. The

temperature fluctuatlons using this manostat dld not

exceed 5 mK around a preset value. A solld state

temperature controller de51gned by Dr. Adler,and Dx.

Rogers was used to regulate t ratures above

‘{

The c1rcu1t 1s»of the ganentlonal Wheat- —;3‘

42K.

Astone brldge type, us;ng a germanlum thermometer as 1ts
{

sensxng element and providlng a proportlonal.heater

.?feedback to the regulated bath. It was capable of

maintaining constant”temperature withln tl mK at 5 K.

The;powerldissipation in the thermometer was less than
"‘,8.’ - . . \»' . ’ .
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yiFig. 3.2 #
¢ g‘q_

, | 9 |
Schematic- diagram of the cryostat

-
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3.6 Measurement of tunneling characteristics

3.5 Production of low temperatures - .

A conventional He4 cryoStat facilitated measure-
ments on tunnel junctions at -low temperatures. A
schematic diagram of the cryostat is illustrated on:
fig. 3.2. Indium O-rings with Apiezon N‘grease were
used to seal the vacuum and sample chambers. TH
cryostat was»designed to fit into the bqre’of a 70 k
superconducting hagnet.- By pumping on the helium 1f§;

level, in the sample chambet; temperatures as low as

h

1K were attained.

| ' ' : -

]

.

A system using a combination of harmonic detection
and bridge techniques (Adler and Jackson, 1966)
sultably interfaced to an online mlnl-computer fac111ty

a

fogﬁ)p analog and, dlgltal recording was used in obtalnlng
th:%;elevant information on tunnel junctlons. ?hese |
are the dynamical’conductance o ='dI/dV_and»its deriva-—
tive do/av’ = a? I/dV The principle .of harmonic detec- .
tion method can-be understood by con51der1ng flg. 3 3.

In this circuit the tunnel junction: serves as

T

“onée arm of an ac Wheatstone brldge, the other arm be-

lng a varlable resistor Rd Assumlng that the brldge

- is close to its balance the current through 1ts arms’ is

‘nearly 1dent1ca1. In the voltage’ reglon where - the

tunnel Junctions are 1nvestlgated, they behave as géakly

o : . _ . . . 2



e
Fig' 303
Simplified bridge configuyration
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3

‘nmonlinear pessive eiehents.'\lf the small current

¢

modulatlon amplltude § is kegt‘constant, then the
voltage V across the junctlon can. be written in terms.

of acTayior s series

av, - ' :
v(I) = V(I,) * (ET § cos wt + % (§—¥0 62coszwt,
R N ar” 1 ‘
_ ‘ o
Foavenes (3.4
or o

1@ ,

V(1) = V(I ) + (a—) 6cos wt + 7 (=) (1+ 2 cgs2wt)

o) ‘(//
+ ; (5.5)'
where V(I ) is the DC-blas acroé; the Junctioﬁ'and w is
I'd
the modulatlng angular frequency. The voltage across

the varlable re51stor Rd which has a 11near I-V

characteristlcs 1s glven by : ‘ . ’ S

vy = (I + 5cos wt) By - T (3.6)

Thus the dxfference in potenqlal between p01nts 1 and

Q;z V12’ has components at the modulatlng frequency w and

:1ts varloudlharmonics. The- signal at the fundamental fre-

%these components iFe measured by means of a

quency,vlz(wh is proportxonal only to the departure of the

hdynamic resistance (afé from Rd and the second harmonic-

2
component, vlz(Zw), is propottloﬂll to (——7) . -Both

phase sensztive

-
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detegtor.. -
v ({.s). = §[R @) ] cos wt (3.7) B
: o]
. {" Y
V. (z'm) = i 52(d2V) ‘cos 2wt (3.8)
c 12,0 T° 91?1 T o
= o

e A direct calibration of a— curve enables the . -

”computation of the dynamical ccnduoﬁﬂhce g ='gv.
‘2
Ideally, the second derivative ——7 %9 is then cal-

‘;culated.QSing‘thevidentity.

LA :
. a°I 3. 4av C C
""'2' = =0 - ‘—7‘ = - . : R (3 - 9) -
av ., a1 \ oo
R i 3 I3
@ The, presence of a secend harmonic distortion in

the modulation supply complicates the above relation.

This necessitates ajuse oﬂ a different.numerical method . ‘

~in calibrating 3— The mathematical details of the
analysis of this problem ere given in Appendix I with
an earlier version of our data acquisition syetém.l The
present system which employs ‘an online mini—computer and -

‘ 1ts peripherals allows a—fast evaluation of the incoming .f.;

data._ The complete description of the-new data acquiSi-

- -

“tion system.was given in a, technical report (Adler,.

straus, 1974)% - R S ff'?'

« N
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Schematic

'] .

data’acquisiti

on -’

o



s

- AJODAYVH
ooy |
"XINOWLNIL

T

oL6LdHs, . |

34v1 OLLIRSYW -

A
. .
-rv
2 .
.. ‘r ~ ’
b AN
- N
B N
2

8.

20-v89SZLdH.
3IV4HIINI

Y082} dH
AoviuIINI
ueze

125 HVAIA
- WAGH

110341

SOUTIW,

=

3.@.9..—%2

- Jeztuvd

q "
o NEI00T

>

AUIINOWHIHL .

A1040S

.

viva
© g1

J1LINOYW

NoLLVINGow

- ’ . ..
- - nk v
~
<! "oy
-
. ,.A.L
~ RIS




e e (. '
-  .w CHAPTER 4 . . - /
A . . @?‘ . ..|. B "_", € R ) o
: “Q EXPERIMENTAL.  RESULTS ~ - . . ®
o . o e Lo FRRE
L E S S AL L
. ‘ ) ‘l‘:- \ vl
To test the theory w1th the experlamgnt we have ‘
L ;3 .
AR
- prlp% a series of tunnel guﬂctions using’. dlfferent
metals as theJ.r electrodes. 'ﬁie ~1!h1ckness of these & :
; AR I & LN
e ranged betygegn 5‘50-—50000 + ThY N
! of? thé. iunctxons Were preparefi eith '
‘ 4*:‘?5"1: - n1tr1f1Cata.on€"(for Mg only)
: 4‘ :
were dellberately »ﬁopéd\\nth&l to redutee the pro—-
7y ~ vY
. bab-llrty of maklng a. sample v31th spurlous&s llatlons
‘ J.n‘ thelr characterlstlcs.ﬁ Junc'f;lons hav:Lng ;&bse, w:.ll':
b@ dlscussed 1n a separate cl{ '"tgr. A T : J
'_. L. KT » ;‘:.( ': ' L NI "“ : ‘ e :V{T:.,lﬂi ;.;Z:‘»{v‘:h
_' D Y .. .. e W e Yo - 9 i ; . o NG ;,‘.'
-w‘@ 2 The Prdbl‘em of’ the Bafly -,"ﬂf*i‘ A SR o
a N ' ) - SN

P’, A typical measvére;t of the conduct?ct of‘a ,

Mg/01l/Mg junctlon to: a/5 meV- range is. shown'ln fJ.g.,

‘ - - -» -

IR
N

4 1 for several dlfferent temperatures.- As. t&e tem-

u

perature 1pcreases,‘ the conductance mlnlmum decreases o

w:.th a. ~s:.mtiltaneous loss J.n the sharpness of the
o

anoma-ly, The Sgorﬂ' der:.vatlve measqrenﬁmt for the

_ same Junct.ion is shovm in the next flqure" Here, s ]

I
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fﬁ&lg.' Temperature dependiag cdnductance
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'vu, o

(for a posltive apleed bias) while its p051t10n -shifts

;tp a- higheé‘ vo.ltagé. ) ,'. . " P

ot

,L

The conductance QurVe \n flgw4 1 has a slight o

asymmetry aﬂ‘ont the j?r‘g.g;n.m We -assume that thls

'zasymmetry arises ﬁromv&he J.deal backgi'ound conductance
t & . :

" as dlscussed earl:.er (Section 2 ;) 'To ollmlnate the

}%he followingftvw ‘?roceéures. 5 el

ﬁac};gréund, which we cons:.der to &e Tiemperh’@ume . , e
AR '_‘ \?"w.'d&é’ . - .
f'ndependent aat leas{; between 1—10 K, we have.,adopted P
%

‘?M Y 1.

" £E

_l ¢ : x' :‘.“ '-'.«t&

o oLek “ugh, r‘st"gfecalﬁ} f:Lg. 2, 6‘ ) where we notlce ,
IR RS LN :
thats a!: ﬁugher temperatures, tﬂhe d;.p J.n conauctance
v; ‘A’g

. %
due to bjocklng is essentlaﬂ,ly equal td’ ze@o‘ - There- .' “

o
K

P fore by subtr&ct:mg tH’e condu.ctance measured at the

e o
hlghest temperatu,re (10! IQ} from the ones measured at . :

lower temperatul.r;es where the blocklng ij‘ st:,llw eff

bolan s i

Snisigtapucr, Cant

e

tlve, we ' can lsolate the pure "bl%cklng conductan@’e

so". nThlS technlque was successfully applled for the

, V3
",junctlon shown earller. Flg. 4.3 and flg 4.4-illus-

was not obtalned we have cons:.dered the follown.ng

g

S

)

.trate the resultlng curves. ' e -

For Junctlons where the high temperature curve
1

v.‘v.‘

.alternative?» Le't us suppose tha:t the exper:.mental

':ce_,,.‘may be represented by -an express:.on of '

'f.."m R RN RS N A

o
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Témper_at’ure dependence ”o'f;gthe' ‘b}'egking R
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where the flrst three terms constrtute the 1deal

temperature independent;‘background. Then by taklng

the even part of the conductance

\

i

o (V) R L '. e 1 o .' ; . . - .
e o 1 g(v)+o(-V) g\_"{ 2,80 .5 0 . =
o T N C,O‘V.». *5,, (VD) + Lo (4.2)

! . L “ R TN
. . SR "

' We el:.min’ate thé l'inear term. Th'e -assump't‘ifon 'tha"t’ °1
is tempe'rature 1ndependent 1s Verified‘ by* fo;m:.ng ¢ o

the odd part of the conductance ‘_ ‘ '_"",;. Vo e Q
S, . 0 - - - < o v e -:}-, A ,.f' @
& %oda . 7 (V) 20( N - c"1""'. " sy M43 e
. ’ ' L -~ L ) .,,' ‘.( o ) N .
RS

and plotting lt as funct:i!’on of the b:.as vg’ltage ‘fbr

different temperatures.‘ k) -‘I‘he result:.ng curve shoulﬁ \ & , |

“n

a. | be a straight line indepeﬁdent o‘f the temperature. ‘-
| This really ls the case, as fig. ﬂ 5 dem:nstra:tes." - .,
To ellmrnate t’he guadratic term crzvzi a more deta:.led:
R knowledge abyut the backgrbfmd 13 needed wh:Lch unfor-,“' ,’;‘E&
' tunately we do not\ have."‘ We can, however, use \the :

/ v

-fa/Ct that the block‘;.ng at 4?&* %V rs neg].:r.ga.ble becauSe

| of* the short 1ifetimes o_ e 'excitatn.ons. : 'r‘herefore : A

(O

ty lt ;ls ‘appr?pr;v.ate tq subtract from the even par :

second der::vative
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.
a line, passing through the origin,~with a slope which
brlngs the measured ‘do /dV to zero at 4-5 meV. We
estimate that this technlque may lntroduce at the most
a 5% uncertainty in the determlqatlon of the peak
magnitudes in dce/dv. |

‘4.3 General Considerations in Extracting Tgr T4 and

Tarift

f
A successful theory of the zero bias anomaly
should be able to predict the llneshape of the conduc-

tance ‘dip and its general behaV1our with temperature

or magnetic field. o ’ < ‘

Let us consider first the case of a zero magni-
tic field. The usual procedure in comperingrthe
experimental data with the theory- is to fit the mea-

*;7 sured curve at a fixed temperature and extract the

~hecessary parameters characterizing the anomaly. These

are g = the tunneling time and T, - the impurity

.

- scattering time. We assume that the coupling strenath

of the electren phonon interaction is known beforehand.

-

Having obtained s and Ty the theoretical curves are

then calculated for different temperatures and compared

to the measured ones. In practice, it is more sensi-

tivé and accurate to fit the zero bias anomaly to the

©

etierimentelly determined derivative “of "'the even part

82



déo .
e

of the conductance 1 < " The curve is fitted with

: respect to the

o
o
peak height and its peak p051tlon in

terms of I and the ratio of T, /T For the sake of

completeness we rewrite eq. (2. 30) in these terms

(assuming that azF = aiw)

2T.
i

kN

83

I

g e T

-

+

2 2
(Fl+(eV-kaT&x\f (ﬂkBT)

1 ~ ] . (a.e)

)

The derivative of even conductance is given as

1

Ty J ax { 1 |
B ) (ex+l)(e-x+l) (rl+(kaT+eV)2+(nk5T)2)

9, —av T

dso _ 47Ty J _ dx { (xkT+eV)
2 2.2
+1) (Tl+(kaT+eV) +(nkBT),)

(e*+1) (e

+

When wr

(r1+(ev-kaT)2+(nkBT52)2

(eV-xk,T) *
B ' ] i 4.7)

. : \

iting the above equations we have again

assumed that the junction is symmetrlc w1th respect to

its relaxation

simplifying as

of the experimental-data. From the theoretical point .7

‘of view, it is

vprepared with

processes and tunneling times. This

sumption, as well, was used in the analy51s

hard to justify this,even for samples

the same electrodes, having the same

thickness.. Generally, the films can have different

{



grann sizes and 1mperfections. In adéition,'the two

1nterface planes adjoining the 1nsulat1ng layer can

be contaminated Wlth different impurities. This all,
~;§eads to a turnnel Junction with non—symmetrical tunnel-

ing and scattering times. ConSidering eq. (2,30) we

should then write the part enclosed in brackets as

~

N

2

T (r%+e +(nkBT)2) ;7 (r +e24+ (nkgT) %)

Bl

from which'it follows that generally we can use three

parameters Fi, Fi and A

1l
T asj .
A = iEl . - (4.9)
T 2
. B2 aj .

to fit the temperature dependence of the experimental

datat The fourth parameter tBl~adjusts the peak ampli-
: tudes.' With a three parameter fit we have to consider

the,interference between the two terms in (4. 8) which

!

can be responsible in creating an additional peak in

déce

déoe/EV.’ gxpe;imentally, the two peaks in — °o A were
never observed. This does not, however, exclude the
possibility of their inshfficient separation and the
small size of the second peak. '

Numerical analysis (Teshima, 1974) indicatee.

that the second derivative will not have the two ~peaks

as long as

. 1 :
1 [ 1 1 N TBl ay 1 " 4.8)
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< 8 '+ /90 at T=0K .

- | =
= N

e
Since the experimentally found parameter'F ranged from
4 <T ¢ 2.(meV)2, it is safe to assume that the

L)

condition abote is always satisfied.. &

- Nevertheless we have compared some of oﬂr datau
with the predictions of the theory using a three para-
“ meter fit. In general, there was no appreCLable

dlfference between this flt and the one obtained by

assuming a symmetrlcal junction.
”~

Furthermore, we assume that Tep' the relaxation
E}me due to electron—phonon interaction is given by
eq. (2.12). This is equivelent to an assumption that
azF behaves linearly for small excitation energies.
The justlflcatlon of this assumptlon is partly based
. on the prelxmlnary_results»of measurements on Mg/Mg
and Mg/Au junctions down to 0.3 K. The sécond deriva-
tive characteristics of these junctlons have not shown
kink in- “the v1c1n1ty of zero, whereas they would if
azF behaved quadratlcally for small energies (flg. 2.5).
In addition, the theoretical fits using Tep’derlved
on the basis of the linear azF behaviour were superior
to those obtained by T ep of eq. (2.13{ and eq. (2514)ﬁ
| The relaxatlon time Tg, jee associated with the
magnetic field measurements can be extracted only if

&

“<both T4 ané T are known. But these are obtalned from -



. 5 - . -

zero field measuremernts. The'procedure:is strictly

. valld for 1q which is magnetic field independent. The

-

‘results prove this assumptlon to be a correct, one.

-
~ . -

4.4. ‘Comparison of the Theory with the Experiment’

»

Let us\fdrst con51der the results of the theory
applled on the prev1ously discussed Mg/Mg junctlon.
in fig. 4.6, be51de-the experimentally determ;ned
data p01nts, we show the-behaviour of the theoretical

curves for three different parameters r = 0.4, 0.8,
2

o

1.2 meV™. The peak amplitudes were normallzed at 1 K._’ﬁ‘

The, dependence of the peak p051tions ‘'on the temperature
is well fitted by a theoretlcal curve w1th r =0.4 meVz.

thls case, H/,exer, "the peak amplltudes do not drop

2

r = 1.2 mev®, fits the peak amplltudes better at hlgher

-temperatures, whereas the peak p031t10ns lie below the
theoretical curve. X reasonable compromise is to assume
that r =0.8 nieV2 represents the best fit.

The theory then predicts a stronéer}temperature~
dependence of the peak amplltudes than experlmentally
observed. Correspondingly'the peak positions are at
lower biases than expected. o a ‘ . -

| The reasons b‘plnd accepting r=0. 8 meV2 as the

best flt will be MOre transparent when we con51der thef;v,

results of the experiments on other junctions.’ We .

-

" as fast as the theory WQuld predlct., The second extreme,
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Figo 4.6 vv R

Comparlson of . the experimentally"determined

" ‘peak positions, V (upper diagram) and peak
, 1 dQO'
amplitudes, 5 A—av#v (lower diagram)
o max ' .

for a Mg/Mg junction at various temperatures
with peak positions and peak ahplitudes
'predicted by the theory. o

~
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‘witl/find that these'cochusions apply equally‘fér
then. " | '\ ‘
With T =0.8 mevZ we have plotted the temperaj//
tute éeﬁehdence of the blocking conductance at zero
bias and compared it with: the experiment (fig. 4.7)
the data were normalized at 1 K. .

Eo exti'act\i ahd Tg we-have to know the Qalue.
- of the electron-phonon couﬁling‘cohstant for Mg.j

L J

Slnce to our knowledge there is no available informa-
] »

tlonlon 1t, we have taken it to be equal to 0015 mevV l.
This value is one half of that qulishea for aluminum
(Carbotte, Dynes} 1968) . This certainly introduces

an uncertainty in the determination of T and Tg-

Nevertheless, we feel that this choice is approprlate

~in qbtalnlng the érd/r of magnltudes involved.

S~

- . We have then | . ®
T, = 1.8 x 10710 sec | )
T, = 9.6 X 10_8 sec
B .6 X .

N

lUsing these parameters we céh COmpare\the theoretical
even pert of the secohd'derIVative-with the measured
ome. Fig. 4.8 illustrates the £it at T = 1 K and

3 K. The peak amplitude at 3 K teproduces well while

the experlmental peak position is shlfted to .a lower

value./
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Fig. 4.7

Comparison of the temperature dependent
blocking conductance at zero bias for a Mg/Mg
junction with the blocking conductance cal-

culated from the theory.
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Fig. 4.8
., Comparison of the experimentally determined
1 ddoe _ , , 1 déoe
o—o- X for a Mg/Mg junction W;.th ag—av—

predicted by the theory :. »
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Replacinghthe'top Mg layer by an Au counter=
electrode has not altered the character of the zero) -

bias anomaly. ‘Figs. 4.9 and 4.10 show the temperature

dependence of the conductahge of two Mg/N /Au Junctions.-

e

These -were prepared on the same , substrate with the same -

- Au overlayer..-Completing+their initial-measurement,

‘the junctions were allowed~to warm up while*they still O
fwere kept under a vacuum., After a period of a few days,

Ethe ]unctions were again cooled down and remeasured. The

'\" l"

-

'janhealing produced a 2. 5 fold«increase in the reSistance

; )
‘of the tunnel junctions. The relative magnitude of the ‘

a

| conductance dip, characteristic of the zero bias anomaly,
however, has ‘not changed This documents that=the |

relevant scattering mechanisms which deblock the
‘tunneling electrons were not altéred. In fig. 4. 1

We show the experimental data for 85 Bl and 82 (annealed)
together with the it obtainés by adjusting F to 0, 6 meV .

The theory again predicts a stronger temperature depen- J.

dence for the peak amplitudes.. As the temperature

decreases the peak positions lie below the theoretical
déog.
curve. " The lineshapes of -1— —dV_ for T =1K. an-d 3K

»
1

are shown in the following figure.

According to the theory, metals with infinitely
thick electrodes are essentially in equilibrium. This

is because the density of final states for the incoming
2 . Lo P .

3 .y
AR
t T . N
W .. N \2 . o o
. : ) . . R ;



Fig. 4.9

Temperature dependénce'of the zero bias

conductance anomaly for 085A“Mg/N2/Au_

30000 X -

Mg

2200 &
o,

Au
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Fig. 4.10

Temperature dependence anomaly for 085B

Mg/Nz/Au

- Mg =.3000 &
au = 2200 &
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Fig. 4.11

Temperéture dependence of peak positiéns, Vax
: ‘ déo
e

(upper diagram) and peak amplitudes, 3
. o Vimax

(lower diagram) of 085, before (B1) and after

(B2) annealing. The solid lines represent the

theoretical fit.
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¢

el €yrons is infinite. Mathématically, this is

_kggessed by setting the tunneling time Tg to infinity. .
>-/To test this A'.éftion we have prepared double

'junctioné which had one‘?ommon electrode and in which
the counterelectrodes of lthe same materiél had diffefent'
thicknesses. ~Samples sqlprepared consigtently had
smaller zero bias anomalies in junctions with the
thicker film. Junctions‘BSA, 85B are the representative

" of these. The Au film was 2200 A thick. The Mg elec- |

| trode for the junction 85B was 3000 R thick while fo£>85A
it was 30000 A thick (fig.4.13). The solid lines represent

the theoretical fits. The"thinner"junction 85B was

parameterized with T = 0.6 ﬁévz, givihg
r’Bf 1.3 x 1078 sec
)= 2.0 x 10710 sec.

- Théfthicker"junction was fitted with T = 1.3 meVz yield-,

ing

1.0 x 10”8 sec

l;l xv10’1° sec.

-Tg

T.
1

Of course, these tests can give‘only_qualitative answers.
Meaningful quaﬁtitative numbers- could be obtained only
for metal electrodes with a character of a single grain

throughoutvtﬂe entire £ilm thickness. In prqétice, the

eVaporateé films may grow in layers of different thick-,



Fig. 4.13

zero bias blocking conductance for two junctions
with different thickngssnofime£al electrodes.
(85A - Mg'= 30000 &, Au = 2200 &)

(85B - Mg = 3000 £, Au = 2200 A).l -

The theoreticai fit (solid line) for O85B was
calculated with r = 0.6 mev?. 85A was fitted

with T = 1.3 mevZ.

~>
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.ness and orientation. This then reduces the cverall
obscervable effect. The results of this discussion
apply equally well to that part of the impurity rela-
xation time T which is responsible for the diffuse
' boundary scattering. An investigaticn of Mg films by
an’/electron microscope revealed that Mg crystallizes
in grains, the thlckness of which could be equal to
the thickness of the whole spe01men. This was probably
true of fllms less than 1500 A (Turner, 1974) The
lateral dimensions of the grains ranged between 500-800
X. The decrease of the zero bias anomaly in junctions
with thicker (>1500 &) films then shows that a fraction
of the incoming electrons feels the increased number of
grains grown across the whole film. |
Similar,results have been obtained on Mg/Au:

jpnctions having an oxide as its insulating layex.

-In . 4.14 we show a fit_for such a junction.

ero bias anomaly measurements on Mg/Au and
Mg/Mg system have been complemented with investigations
on Junctlons having different electrodes (Pb, " Al). We
illustrate the results on Al/Al structures. Fig. 4.15
shows a temperature dependence of the conductance dip out

on a prev1ously publlshed Al/Al Junctlon (Trofimenkoff,.

et al, 1972) The data were fitted to the 3 K curve width



Fig. 4.14 *

Comparison of the experimentally determined peak

positions, Vmak (upper diagram) and. peak amplitudes,

.1 d80g ~

- -7 (lower diagram) for a Mg/O/Au Junction
g \'/

° Vmax

at various temperatures with peak positions and

peak amplitudes predicted by the theory.
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Fig. 4.15

¢ Temperature dependent conductance

of an Al/Al junction.
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. _ -7

(y l.4 «x ;O sec

Ty < 3.5 x 10—10 sec
and

a =3 x'1o'3 mev ™!

(Carbotte, Dynes, l96é). Figs. 4.16, 4.17 show'the
resulting fit. In these measurements care had to be
taken tovseparate the‘decrease in conductivity due to
the blocking effect from the one arising from
‘the appearance of superconductiné energyvgap in
the electrode. This is particularly true of thin
fllms, where it is known that the transition tem- .
perature~lhcreases with decreasing film thickness.
_We ehow"this effect in fig. 4.18, where at 2 K the
Al film (680 ﬂ,thick) is‘aiready superconducting.
" The transition temperature.of the bulk Al is 1.19 K.’
In principle a'magnetic!field-cculd have been used
tc'suppress the appearance of the superconducting
phase,. ,But since we' wanted to elimihate the
influence of the maénetic field on the size of the
zero biaS‘ancmaly for the subsequeﬁt field dependence
measurementé this has not been done.

The results in the presence of the magnetlc
field agreed with the predlctlons of the theory
(Sec. 2.5). They have been descrlbed earller (Adler,

et al, 1973) and are attached as an Appendix (Appendix

1I).

111



Fig. 4.16

‘Peak height (open circles) and peak position
(full circles) -vs femperature for an Al/Al
junction. The solid line represents the

theoretical fit.
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.
Fig. 4.17

/

EVE vs V for an Al/Al junction. 'Solid lines

represent data; dashed lines theoretical result

for T = 3 K.
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Fig. 4.18
\
. l N
Illustration of the appearance of the
superconducting energy (at 2 K) gap in

an Al/Al junction.



117

)

NS N

4

|
2

(n

851 A||A|
L
)
ENERGY

1
0

0
21275~
2.1100

[oyw] 2 X0t .



! Fig. 4.19

Temperature dependence of the blocking
" conductance at zero bias for 691 Al/Al and
851 Al/Al. The solid lines are just indicating

the linear behaviour.

~
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4.5 Discussion

In the last sectlon we have presented the results
of the experlmental 1nvest1gatlons on small conductance
decreases around_zero.blas. These were compared with
the predictions of the transport model, based on the
non-equilibrium tunneling theory. . The temperature
dependence of the anomaly was fltted by one parameter,
the knowledge of which allowed to extract the impurity
relaxation time, Ty if the strength of-the electronf
phonon coupllng was known beforehand. The amplitdde of
the theoretical curve was adjusted <o the experlmental
one’with an aid of another parameter, ﬁ) related to the

barrier penetrability coefficient and the electrode

~

thicKkness.

~

'The theory, as it stands, predicts a somewhat
stronger temperature dependence»ot the observed'peak
“amplitudes in dce/dv. The peak positions, at the lowest
temperatures, lie approx1mately 10-20% below the predlcted o

curve. A possible explanation of the‘observed discre-

v

pancies will be given below.
A magnetic field oriented perpendicularly to the

«@ireetlon of the tunneling current reduced the cond c-

tance anomaly. This effect was explained'on the ba is.‘

" of the Lorentz force induced drift of the.electrons

.. Wwith which we associated a relaxation time proportionalk
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i B —

~

to the strength of the»applied field: No obsetveble"
changes in the anomaly were observed if the magnetic
field was applled parallel to the dlrectaon of the
current flow.

The behav1our of the conductance with the
magnetlc field 1s instrumental in ‘eliminating the
structure around zero bias ds belng due to paramagnetlc
impuritles.: It is ‘well known that these can prdduce
either large conductance reductlon§QQ£Jthe order of
100% and 100 meV wide (Rowell, Shen, 1966) or conduc-
tance peaks (Wyatt, 1964) depending on the.ahount of
the.deposit and its. position with respect to the barrier
(Lythall, Wyatt, 1968; El-Semary, Rogers,‘L972; Appelbaum,
Brinkman, 1970) .
| Junctions with low impurity cqncentrations produce
conductance peaks which aré%&emperature‘and magnetic
field dependent (Shen, RcWell 1968; Lythail, Wyatt,
1968). The size of the anomaly is usually of the order
of 10%, belng a few meV w1de. With éhe appllcatlon of -
the magnetic fleld, the conductance peak first decreases |
and with hlgher fields sgllts into two peaks, the
separation of whlch 1s proportlonal to the field. These
results have been explalned (Anderson, 1966 Appelbaun,
1966, 1967) by con51der1ng the 1nteractlon between ‘the
tunneling electrons and the. magnetlc lmpurltles. Increas-

ing the amount of: the deposit leads to a large conductanCe 4

! o, \3
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reduction whch"however, is magnetic field independent
(Rowell, Shen, 1968). B 4 1s now belleved (Wolf,
1974) that this effect is more likely connected with
the Giaver-ieller (Zeller, Giavet, 1969) tunneling,

rather than ‘being a manlfestatlon of the interaction

" between the tunneling electrons and the lnteractlng

magnetlc impurities (Gupta, Upadhyaya, 1971). The
domlnant current flow in Glaver-Zeller tunneling is ..
through a two step tunneling process in which an
electron first tunnels onto the particle embedded

inside the barrier and subsequently tunmels into the
second electrode. Since the localization of the 
electron on the impurity requires an activation enefgy;
this process leads to a -strongly non ehmic-behaviour; //
At finite temperatures the zero bias conductivity,

o(0,T) is proportional to the number of thermally .

excited electrons residing on the particle. This is
given by N

- -]

; v -E/kBT
g(0,T) m_J e - N T

0 ' -

)
(4.10)
where E is the ectivatlon energy of the excxtatlon.

zexro bias blocking conductance

At thls point we call attention to fig. 2. GH

where we notxce that the

ertain temperature 11m1t (dependidg’on r) is o

V-\

within a ¢
o

. a linear function of the temperature. Thus the behav1our
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of the small conductance decreases at zero bias which'

is linear with temperature can be misleading in
pelieving that the tunnellng is through partlcles
(Josefowicz, Smith, 1973). A comparison between the

| i
observed/magnitudes of the corresponging'anomalies :
(NlOO%‘for the two step tunneling Vvs. <1l% for the non-
quilibrium'effect) and their magneticvfield dependence
helps to resolve this amblgulty. o
o Let us turn our attentlon to the p0551ble sources
of observed differences between the theory and the
experiment. Oone of these arlses from the fact that
the energy and temperatureﬂdependent'electron-phonon
relaxation time was assumed to be momentum independent.
There are several sources ‘of anisotropy. Tne most
obvious_is the dev1at10n of the Fermi surface sphere;
Another results £rom the anisotropy in the electron-
pRonon interaction and in the,phonon spectrumf Recent
caicu;ations (Carbotte, Truant, 1974) have shown that ?

this anisotropy affects strongly the value of the

e

-

[34

'electron—phonon relaxatlon tkge. Large variations over

the Fermi surface were found even at T = 30 K. For

aluminum the ratio of Is (6,¢ T)/T (0 0,T) can be as
high as 10 (K .9 ¢)) The anlsotropy in the electron-

phonon relaxation time suggests a further set ‘of experi-

ments in which the electrons would tunnel into single

o
9
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.

. \
crystal electroders having a definite crystalographic

orientation. We would expect a certain degree of
correl;tion bét@een the size of the iéro bias anomaly
and the orientatién of the crystél with respect to |
the incoming electrons;
’ A more transparent source of a discrepancy
arises because of the aSsumptionlthat phonons created
by the relaxing electrons are in equilibrium with.the
thermally excited phonon gas. The thermalization 6f‘ .
tﬂé excess phonons was assumed to be immediate with the
aid of a perfett heat bath. Thus their further role
in the deblocking process has already beenh described
by the previously considered electron-phonon scatter-
ing process, leading tola relaxation time inen by
:eq. (2.10). Such’a simplification;is nét‘always.valid.
1f tgz lifetimes of the emitted phonons were "long
enough" an incoming electron could absorb one of these
énd thus be_scattered ihto a higher energy‘level.' This
results in a removal of the electron from the forward
direction, thereby dgblocking the occupied state. The
process is in sharp contrast with thé deblocking con-
sidered~by the theofy'brevibusly and being only due to
the interéction betweeh tﬁéetpngeling electrons and g
thermal pﬁdnqns; o /

It ig illustrative to consider the order of

magnitudes involved in order to obtain‘antastimatg

o
! I
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phonon absorptlon is possible. The rate of thermaliza-

tion through the surrounding bath can be characterized

by

L
= . (4.11)

T
bath S

where L is the film thickness and Ve is the sound

velocity in the metal. For a 1000 A film, and v =

5 x10° cm/p, Tyath = 2 XLOfll sec. The relaxation time

of phonons due to their absorptlon by electrons at

.T = 0 K is givenvby equation. (4. 12) (Truell, et al, 1969)

2

2 f m 2 :
= (==) € (4.12)
.9 c\ﬂp vs ﬁz ,

1 E

ph-e

T

I
where o represents the den51ty of the metal. At 1 meV

and p_ = 10p/cm?, Eg = 10 eV, vy = 5x 10° cm

= 2 x10"10 sec .

\J

Tph—e
o
This is comparable to Tb th and the relaxation time of
electrons due to thelr interaction with the equlllbrlum
phonon gas. 1t follows that ‘electrons can be
aaditionally deblocked by scattering with the nonf'
equilibrium phonon gas. Thus in steady state we shopld
solve a coupled system of Boltzmann transport equatlons

\

relating the non-equlllbrlum situation in the phonon

and electron gas. o o |

whether an addltlonal deblocking due to non- equlllbrlumh

125 -
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N 9N 9N

T = %= 3@ + (3p) (4.13)

, t at scatt ot ph-e

f

of of
0= (3p) = 0= (3 + &%) + &5
: tunneling e-ph scatt

(4.14)

The interpretation of different terms in egs. (4.13) and
(4. 14) is obv1ous.
The solutlon of the coupled equations 1s beyond
the scope of the present work. Instead of thls, let >
us see what possible results can one deduce on the basis
of the prev1ous considerations. First of all we can
crudely estimate the importance of the addltlonal
deblocking mechanism. ° Let us assume that the effective
relaxation time:of electrons due to their interaction L

+

with phonons can be written as

N ST S ‘  (4.15)
TNo - SN :

A{P
A

_where N = No .+ 8N. Tng = rep_f'giveS'the part of the

1ifetime relaxation which is associated with the equi-

llbrlum phonon dlstrlbutlon (eq 2. 10) Setting

= T . ther assume that the non-
TsN ph e (eq 4 12) we fur

equilibrium phonons relax only by a scatterlng with the
transmltted electrons. The amount of relaxatlon‘due tc

>> TN At

excess of phonons is negllglble only if TGN o

T = 0 K, recalling egs. (2. 12), (4. 12), thls 1s Satlsfled
, ) |
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for Aré 2

E< m :
H £
€ >> o= " T 7% © . (4.16)
' 2npov5h ' .

€ >> .3 meV
. for the typically used quantities; Practically then at
© a3 medﬂ the contribution ofinon—equilibrium phonons to
‘deblocking is ninimal. |

Secondly at T = O.K.we expect that the'iize of
the conductance dip at zeéro bias is unaffected by the
'1ncorporatlon of the non—equilibrium'phonons intoithe
theory. This‘follows from the fact that at zero bias
there are no non—equlllbrlum phonons created since
. the tunneling current is zero. As Voltage is 1mposed
across the_Junctlon the zero b1as anomaly decreases
sharper because  of the additional deblocking mechanism
previously neglected by the theory. Thls leads to a
shift'of Vmax’ the peak p051t10n in do /dV, to a lower -
bias with a simultaneous increase in the peak amplltudef
With‘increasingltemperatures[ the inffuence of the non—'ﬁik
equilibrium phonons is{minimized by a greater thermal |
phonon population. ‘ R , |
‘ All these results p01nt to correctlon factors
~ which when included in the theory rould explain the
observed experimental discrepanc1es. Since'the nature -
of this d15cussxon is purely qualltatlve, it is rmpos-f

<

sible to present exact values of these.:

-



CHAPTER 5

RESONANT ELECTRON TUNNELING

5.1 'Introduction
\ The measuremenu;of zero blas "anomalies on some’
junctions ) Mg/ox1de/Mg, Mg/oxlde/Au and Mg/nltrlde/Au
_have produced aracterlstlcs whlch had marked dlffe—
rences from 'those shown in the previous chapter:

As a represe!tative of junctlons of thls unusual

behav;our we show a temperature dependence of L %%

o

for Junctlon 877A (fig.5. 1). Note the usual sez of

_peaks close to zero bias reflectlng the dlscussed

blocklng effect w1th very weak addltlonal structures

seen at -3 5 meV and +1. .8 meV. The structure as com-

pared to the background is less than 5%, W with the back-

‘grqund itself belng of the order ~5x10 -3 meV-l. ‘"The -
rder of magnltudes 1nvolved in observatlon of such
effects again documents the nece551ty of measurements

at lowest attalnable temperatures and modulatlons to. av01d
thermal and’ 1nstrumentatlonal smearing. The calculated ‘

relaxatlon times for the Junctlon 877A agree wellfwith the/

,relaxatlon tlmes for samples w1thout the additional struc-

Q

‘tures. .
- The set of unexpected peaks in —— 37 prompted an

investigatlon as to thelr physxcal orlgin and resulted

128



‘Fig. 5.1

Illustration ofva junction’having'weak

additional structure in the derivative -
/

of the conductance. .
" | ' | R
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in the present chapter. To substantiate our possible

explanatlon of the observed effect we find it appro-

prrate to present first the results of the experi;ents

on junLtions”showing the new oscillatory structure.
S

5.2, Experimental investigations of oscillations

The occurrence of the new structiure was not
restricted to junctions of Mg/Au type.- In fact, we
have observed the addltlonal peaks in a— in Mg/ox1de/Mg

and Mg/ox1de/Pb junctlons. In fig. 5.2 we present a
dg
av
which are better resolved and are more numerous 1n thra

N

same-voltage range as compared to fig. 5.1. The

characterlstlcs for Mg/oxlde/Mg junctlon with peaks

corresponding'conductance curve is shown on the next
fig; 5.3 with noticeable-Chahges in itSAshape close to.
gv peak pos:.tlons.O ‘It isiinteresting to note that in one
iof our earller measurements on Mg/owdde/Pb Junctlons we
‘have seen ‘a. structure 51m11ar to the presently 1nvest1ga-;\
ted one whlch at the time of measurément were considered
to be due to the n015e in the junctlon.

The appearance of a structure in Mg/Au and Mg/Pb
Junctlons gave rise to a suspicion that it is connected

either with the Mg electrode or with 1ts 1nsu1at1ng oxide.

In v1ew of thlS fact, we have dec1ded to 1nvest1gate the



‘Fig. 5.2

' ' -
Conductance vs energy for a Mg/Mg

junction having oscillations.
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Fig. 5.3

BN

Derivative of the conductance for °

a Mg/Mg having 6séillationsi
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new effect'on Mg/Au junctions since the likelihood of
. LW

their successful preparation.proved to be the,greetest..
We have accepted the observation of*phonon emission
“either in Mg electrode (Adler, 1969) or in'ﬁéd'(when
applicab;e) (Adler, 1969) as a suff1c1ent prodf that
the measured current was due to tunnellnq: Since o
the peaks in do/dv tend to have an oscillatorTi R

character, we shall henceforth refer to them as’ - L
| . :
"oscillations". ' 1

s e

The existence of oscillations in tunnel junctiohe

was. 1ndependent of the techniques of sample ptéparation
as descrlbed in Chapter 3, and the occurrence: of thé

addltlonal structure even in Junctlons preparéd’under

1den1ncal experlmental condltlons was unpred1¢table. S g

We have con51dered the thlckness of the electrodes,

N 0

junctlon area, the chemical comp051t10n of the barrlers, ]

-

«©

evaporatlon rates, glow discharge currents, oxldatlon

(nltrlficatlon) tlmes and pressures as varlabies whlch

\ Z
could- have 1nf1uenced the final prepertles om the tunnel ¢

’- junctions. The magnesxum fllm thlckness ranged between

700-30000 R with the gold counterelectrode qﬁ 600-3000 A

| i
and junction areas of 01..05 mmz. _The evaporatlon
) ’ \

‘om 10 A/sec to 1000 &/sec at bressures

~

~'_rétes varied

of 2XIO ‘The combined effects of ‘the glow dlscharge .

current, oxldation (n1tr1ficat1on) tlme and pressure are
' ) L 'i:’f‘_\

. v g
z- - 7?"\



. 137

n
s reflected on the'tunnel junction resistanee which in
our samples ranged between 15-8000 Q at He4.tempera—
tures. The deClSlonltO make junctlons with n;trlde
barriers was taken w1th a hope of altering the barrier
omp051tlon and thus’ p0551b1y changlné the phy51ca1
‘properties of -the metal-barrier interface which we
thought to be responsible for the appearance of the
oscillations. - Aﬂ ,‘%
| In fig. 5.4 to fig; 5.12 we‘presenéisoﬁe typical
_characteristics we ha?e obtained while méasuring the‘
‘Propérties of Mg/hu jundtibns having magnesium oxide ,
or nitride as their insulating barriers.
To'illustrate‘the effect of the temperature ' '1.
smearing, wérshow'jL %g_measured at 1 K and 4 K for
3 Junctlon w1th weak osc1llatlons (£ig. 5. 4) First
};we notlce a decrease in the blocklng effect due to the
.elevated'température w1th a‘conilnuous smearing of
the resolved peaks (at 1 K) into £he smooth and wide
background ‘ve at 4 K. _ he sllght overshootlng of the |
1 K curve at -5 meV with respect to the background is
.d£Z to the osc111atory peak at -3.6 meV. The total
varlatlon of the conductlv;ty between 0— 5 meV at 1 K, .
represents only 4 parts in 105

The most drastlc osc111atory behav1our was

','observed in BJSB'Mg/oxide/Au.- The 4 K.curve (ﬁ}g.'S.S)

h C -
. L



Fig. 5.4
: B

Iiltistratién of the effect of the temperature
. P . . .1 do
on the sxze' of the ogc;llat:.ons in =— 3—\7 .

‘o
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Fig. ‘5 .5 .

Illustration of a junction haﬁing‘well.

: resolved oscillatory peaks in the
conductance. .The effect of t?e temperature

smearlng is ‘showft as we}l.
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Fig. 5.6

The conductance resp. deriyatiyg of the
conductanceAVS enetgyvfor 875B Mg/Au measured
to t25 meV. The arrowsindicate the expected
b

phonon emission threshold;
. e A '
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again passes smootﬁiy through the:‘Fciliﬁtions'thch ate;

strongly prohounced at the lowest tempé;ature. In

. contrast to the previously seen.kinks in fig. 5.3 the.

conductivity cﬁrvezhowfdispléys é set of humps almost

equally‘séaced.4 The asymmetric offset’atvzero bias is

: prdbébly due to the'oscillatéry'background. The

tegularly well resolved 6sci11ations persisted to

‘almost 10 heV‘beand which thef started to diminish

in size (fig. 5.6). Thé'étrows indicate the expected

phonon emission thteshold'in Mé. For the potitiﬁe

applied,bias;theVEQnductivity cu¥ve has a'series-of

steplike increases which are almost smeared into the

-structureless background beyond 10 meV. Since the slope i!l

of the curve is smallé; dn the negative side the struc-

ture still retained its humplike.behaviour as seen pre-

,vitusly in fig. 5. 3 L | |
Flnally, for an lllustratlon we present a Junc—

tlon havzng a nltrlde as its barrler shOW1ng osc111atlons

in £25 merreglgn. The 4.2 K‘purve is agaln,superlmposedv

4to-sh§w the éfféct of the temperature smearing (figs. L

5. 7, 5 8).

An important result Wthh contrlbuted to a possi-
ble explanatlon of the tunnellng curves was obtained. by

an adsorptlon of hydrocarbon molecules inside the

‘1nsulat1ng layer during the_barrler formation. Junctions

.



Illustratlon of the osczllatlons in a Mg/Nz/Au
Junctlon measured to 125 meV. The arrows

lndlcate the expected phonon emission threshold.
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berivafiye of the conductance vs energy

for a Mg/Nz/Au juhction.
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0

so prepared were subjected to oil vapours during oxida-

tlon (nltrlflcatlon) by pa551ng the oxygen (nltrogen)

gas through a flask contalnlng light machlne 011 heated
close to its b0111ng p01nt. The presence of adsorbed
Qlecules of hydrocarbons 1n51de the barrler drastlcally
affected the tunneling barr;er w1th respect to-the
occurrence of the osc1llatlons. In all junctlons of
this type no additional structure superamposed on the
background curve was seen. ‘
e mﬁe verlficatlon "of the 011 adsorptlon was
performed by an observatlon of the 1nelast1c spectrum

*

of the Junctlon at bias range where prevxously repoxted

*(Jacklevic and Lambe, 1968) hydroc.rbon peaks were

located.

To galn further 1n51ght 1nto the nature of the
'osc111atlons we have trled to alter the propertles of

the junctlons by an application of external perturba-
tlons such as anneallng the Junctlons tQ room temperatures,
applying voltages up to 1000 meV across the junctlons 3
and polarlzlng the lnterface by p§§51ng DC.currents 'along .

its. ad301n1ng electrode. We hoped that by correlatlng

. the newly obtalned results with characterlstlcs measured

-

.before the appllcatlon of the external influences we .

boould.ertfgi',addltlonalolnformatlon which would help

_ to ‘interprete our data. Such an effort proved to be

”gj qulte frultful as it will be seen on the following flgures.

Y
N

\gﬁ ;
ERSA
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L.

Junctlon 080B when measured after an 1n1t1al
cooldown to 1 K had oscrllatlons in its characteristics.
These, however, dlsappeared upon annealrng the junctlon
to room temperature while still keeplng it in a vacuum.
(figs.5.9—5.l0) The annealing produced a 36% decrease in
junction resistance, ‘while the change in reslstance.
over, the spanned voltage regionwapproximately remained
the sane (1.93% and‘2.02%). The‘sharoer conductivity

‘increase around. zero bias reflects‘the tail of theifirst
'smearedgosc1llat10n. In contrast to this result, ah
appllcatxon of 700 meV (Mg p051t1ve) across another

’ vq

'junctlén for 1 hour produced a stronger structure which .
. in the earller measurement was weakly v151b1e (flg. 5.11) .
vBe51des the better resolved structure, there 1s a sllght
shlft in peak posztions (flg._(S a2) . The relatlve
‘changéuof the conductance at zero b1as (04'2(05 - .,
9y, 1(0))/01 l(0) = 0. 0145 due to zero bias anemaly in
both cases remalned the same rmplylng that the boundarx
and 1mpur1ty scatterlng mechanlsms whrch hel ed to
deblock ‘the tunnellng electrons in the metal electrodes
were. not altered. Thus only a change in elqgtron tran51-‘
“tion rate 1/1g ls respon51b1e for the change.ln the
'Junctlon resistance (from 210. 9#} to 201. 86 Lt 1 K).
Slmllar results were obtalned by passrng a DC

current along the bottom (Mg) or top (Au) electrode.

- o
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Fig. 5.10 ,. .:‘9\ ’

Compar:.son of the derivat:.ve vof ‘conductance

LY

‘curves for 0808 Mg/Au pefore and after _

janneallng. . «1@ - , ' 7
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. Fig. 5.11
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Comparlson of the, conductance curves for

a 4
] /

J107B Mg/Nz/Au before and after applying

high bias across the Junction.
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’va'onductance cugges for. J107B Mg/Nz/Au
B before and after applylng hlgh bias

across the junction.
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Wlth increasing currents the re51stance of the junctions
_contlnuously increased. We 1nterprete this as being
due to the burning of thin edges across the junction
. area (Adler, Kreuzer, 1972). Simulteneously with this
effectlwe'haue seen a change in the oscillation pattern
of the junctions. .< | ' | P
The information revealed from the above quoted
.results represents ‘the main llne along Wthh the analy£:\
sis and the interpretation of the data will be
performed. In the next section wejshall consdder this
and suggeét a physical model which cén.explain the

-

’eppearance of ‘the new structure. - . ) <

5.3 Analy31s of the experlmental data

AN .
Throujxthe results of the experlmental investi-

gatlons on Mg/Au and Mg/Mg Junctlons a new electron
trangtér mechanism, was established which enhanced the wg:
conductlvlty of the tunnel Junctlons. The existence
of the associated structure was found to be lndependent
of the thickness of the electrodés and of the barrier.
The most probable blas reglon of the occurrence of the -
strugtu:e“was'faund to bé within 25 méV of the zero
"bias. 'In some . junctions, however, the osc111atlons
per51sted up to 1100 meV. Slnoe the amplltudes of the
ﬁ28c1llations rapldly ‘decreased w1th lncreaSLng temper—

atures the measurements had to be done at the lowest

attainablektempcratures. : ’ o R



The appearance of oscillations in do/dv with
an apparent.periodicity‘of 0.8-2.7 meV led to an
early speculatlon that the observed effect was due!
to resonances assocrated with the presence of the
electron standing waves in Mg (Jacklevic et al, 1972).
Accordlng to Jacklevic et al, the experlmental obser-
vation of the box quantlzatlon requlres ‘a preparatlon
of - g;lms w1th a-very hrgh purity and smoothness. This
limited the thlckness of Mg films in the1r experlments
Mto 150 & - 500 &. To promote smoothness , ‘the films had-
'to be deposited onto substrates cooled to -100°C~ 150°C,
with a subsequent warmup to room temperaturecto achieve
recrystallization. in cOntrast"t0j§his procedure our -
Mg fllms, 700 & - 30000 R thlck, were evaporated onto
substrates heid at room temperature. We would then
expect that the: strlngent condltlons 1mposed on the

\_‘
observatlon of thigstandlng waves were not reached f*\\;
Furthermore, correlation between the thlckness of the
R — T\
film and the-peak separatlons in do/dv has not been -

successful -For 1nstance, film thicknesses Of'ZSOQO R -

160

30600 A are needed in order to resolve oscillations with'

a perlodlc1ty of Nl meV. Thls thickness range is well

above the thlckness of the Mg fllm in junctlon 875

(700 &), in Wthh the osc1llatlons were the most pro-

£ ram all our samples. These con51deratlons

P
W

then p 1nt to a conclusxon that the strueture in our



161

)

junctrons could not be connected thh Jacklevrc type
resonances.“A— ‘

in order to gain further insight into the
nature of oscillations, the tunnel junctions were
subjected to the 1nfluence of external perturbatlons.
As 1nd1cated in the last sectlon, a thernii‘cycllngy
an appllcatlon of hlgh’blases across the junction or
a flow of a DC current along the electrodes produced

}xlrrever51ble changes in the Junctlons which resulted in

the new tunnellng characterlstlcp These could be

repeate ly traced over, unless a new perturbatr-l
reapplled. We have to mentlon,though that the ag'ng
effects 1n thin films assoc1ated with the thermal

cyq%rng often led to a destruction of the,munnel

-

Jun%tlon. The samevMas true f the applled DC bzas,
resultlng in the dlelectric breakddwn of the 1nsulator.

Nevertheless, we feel that the measureménts performed

Y

on dlfferent samples revealed enough. 1nformatlon er

thelr mutual 1ntercomparlson. #

;y,

.We»attrxbute the changes rn the tunnel Junctlonsﬁ !%
as. belng due to modlflcatlons of the tunnellng layer or :
of the lnterface.' We further assume that the structure

> of the metal,electrodes has not been altered. Thls
\lS\Qupported by an observatlon that the relatlve size

N
of the\egnductance anomaly between 1K and 4 K did not

.change, even-though the osc111atory pattern in the
42

- ° a2
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v

~ tunnel characterlstlcs did ‘so. The new tunnellng curves
may elther reflect a change An the barrier proflle
”&r181ng from the addit10na1 growth of the 1nsu1at1ng

layer (Pollack Morrls,'1964) with -a simultaneous change

in the tunneling path or result from the spatial

redlstrlbutlon of impurltles inside the barrler.- Due

to the exponentlal dependence of the transmlsslon pro-

_bability on the thlckness and helght of the barrier

the . first two effects merely alter the magnltude of

the tunneling current which in turn determines the

structureless background (Slmmons, 1963; Stratton, 1962).
) A considerable varlatlon in the'detajled behaviour

of the junctlons even for samples. prepared under iden-

t:.cal condition suggests Ehat sthe structure .;.s connected ‘

W1th the impurity content of the insulating layer.
Clearly, the inelastic meurlty a581sted tunnellng
(Jacklevrc, Lambe, 1968) assocrated Wlth the v1bron1ck .
excitation of the ' 1mpur1ty has to be excluded1 This
follows since it is not expected that the 1nelast1c
'conductivity enhancement thres?old could be changed by
ahneallng or by an applred DC bias (Geiger et al, 1969)‘
fThe presence of an’ impurlty 1nslde the tunnelrng layer,
'however', ?ften leads to a- pOSSJ.blllty of a resonant—. ’
U'two step tunnelrng process.. This. Wlll happen if the
lmpurlty provrdes an attraﬁflve.Potentzal which may

have a’ bound,state wlthin the barrier (Giaver-&eller, s

’41 - N . . B . . -
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_ 1968,.Parker, Mead 1969 Gadzult,L 1970 Duke, 1972)
Tgen under favourable conditions a new tunneling o
channel can open up, in which the - tunneling electron

‘ goes from the metal to the adsorbed impurity where it
is partially localized and then tunnels through the

) i

"'reduced barrier into the second electrode. The ' ) .

degree of Glectron localization is very impOrtant in

. 4‘.:1. N s

distinguishing between two possxé;& processes. An
impurity state with a deep and narrow attractive
potential can lead to a capture of the tunneling
?f: electron with a characteristic lifetime longer than

»

the barrier tunneling time.

‘ \fsubsequent decay of the bound state with the‘ o
¢ transmiQSion of the electron into the second electrode‘
is essentially equivalent to Giaver-Zeller tunneling'.- ‘
“A uniform distribution of gound state’ energies then
. leads to a large temperature dependent resistance peak.,
In contrast the effeat on the impurity potential on ’
the tunneling electron can be such that it will allow
only’for a resonant buildup of the electron wave func—~
tion in the potential Well with localization times.f :
shorter than the tunneling times. Thts Wlll lead %g Lo
an increase in the electron probability amplitude .
) *J.nside the forbidden region, resulting inva greatly
. enhanced barrier transmission coefficlent.'~§e believe
e S S Y

. . o : . - ; o -
: R . L. N
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that this type of the electron resonant transmrss;on ‘

lS responsible for . the structure rest;lved m our

-

tunnel characteristics.‘ It is then appropriate S - o
to consider a model which explic:.tly shows h‘ow such

resonanceg can affect the conductivity of the tunnel

. junctions. " =

L
, \

4.
1

’ ». N + \
"~ 5. 4 Resona!rt tunneli ng throggp impurity states ' ~

For simplerfication let us consider a tunnelu
process in whicn the insulating 1.ayer~ contains only :
one impurity, ha.ving an allowed enexrgy level bff a -

/__,._.___

‘_magnitude ev,, inside the ba.r’f'ier. For further‘ | n;
_s:u.mplificatiq‘d. let, ,wx}.g assume that the metal electrodes h

are at 0 K and that “Ehe barrier potential oan b‘\e

represented by its average value Q (f:.g. 5. 13a).

As the bias is established between the two’ e}eétrodes \‘
b})e Femi 1evels separate and. the i?purity level

shifts linearly with the electric,a,fie‘id, § Past. the

. . N . : - H J
NE . _‘.u 3 . oA

threshold vol-ta_g_e DL e ‘f“ .
s ) % . ] o ﬂ.b . _a\""g{ T ‘ . - ‘.v‘
V=|v|+V-1- ”’ S : '--3

b '» 5 "‘;‘-, . - N . . . ) N \ ) . . ‘..‘.
_‘(where r is the posgion of the impurity‘, 2., ?thickness ;.
-_of the barrier) the' impurity lies above ﬁxe Fermi level .‘...;‘ '

f the right hand electrode.‘ In this case a new. tunnel—

...ving '_channe;l. opens up in which elect:qpns can tunneLfromv e

oL [ . cLY .- - : . ; o
: - ' . H . o

\
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. A gives the gunction area

"fﬁ’ left to the ,impunty and then from ,the impurity to the
‘;- right (fig 513 | -

:
v

PR m?[{ R S ™ ' . : ‘ :‘(
* ’ ' . -/ . . d 4-‘;‘%“;
Rk ULV A e '

' ~51de of the bqrriljer. v By mov:mg th?‘potentlal wellz*t‘.o Co

4 o
! ‘number of_ impur:.t:.es with ‘an- effective cross section A

' tion of an e‘lect;on with energy equivalent to the ;
‘trapping lev;l. The “indoming waxe after penetration ul\a :
-decays exponentially mide ‘:the barrier, As it
approaches t&e‘&:rap 1t res&ﬁﬁ’s w1th a large ampli-‘ o

'tude rnsn.de ‘t'hé potentitl watie. a".' . a partiai 'locali— S

PLS

[

f ',ef':dan"be made equa‘L to that of the o tgo:mgo wa&e L

-

xH-ﬁhe*resonarﬁ&e éevel the wave ‘functn.on ﬂgcays exponen-‘ B

u

tially in the usual way While passing througil the barr:.!r. ‘
- . s

Gadzuk's (Gadzuk, 1970) t@atment of the descrlbe

' mo§e1 VES the‘fol’.lowlng e' -y s:Lon for the ratlo “of -
condu ' yltzes,-.with and without the trapplng center. T .
i....,.... .....“'} ;. h ) , . . . . - Py L ’ . S
o R i Ny P .Fm 35 (B
‘ ON ‘ A’_s_« f | *;17 P
. _r ) v- o o -y . . - ! . . - N v . ‘. B - /J.

+

where ,Lt was assumed that the resonance occurs ;Ln the

low volltage region (e\l << Q) and :.hat the :.mpurlty lleS
. \
m the,emid-g;ane of the barr:.er“ Ni represents thé

e 0
[ 2RI

e (x) is a usual step

A ks
R o Rt

(Bo'hm ,1964) . For elec‘{:r“on energies diiferent fzﬁn ' & Lot
w ,l .o

'. LT .‘.‘-
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functiom. _Setting NA /A =1, ° -01 ev, 2 = 30 -z‘i

the ratio of °R/ o at the: ti

..‘_

y ar dﬁof 1mpu§1ty .
w o % .
% 10° f.__ However, in

real s:.tuatlon this favourable ratJ.o 1s reduced
e , ,
_ consmderab«ly by smallness of NiA V.S ' . -',‘
.~ .
‘ The“calculatlon of the resonant conduct1vxty‘

'f"v'WJ-th a single J.mpurlty is a great 51mp11f1cat1on of ._

y

- the tunnellng problem.-:, In practlce the :.mpurlt:.eé are
® . [

d:.stnbuted over the whole volume of the 1nsulat1ng

e 'laye‘f.e It is then reasonable {iect that the re- , -
e sonaﬁce levels w1ll be&smea’r'ed ﬁiig(, nd the sharp e Tt
® . . . . p& . ,

conduct:w:.ty 1ncrease will be""further reduced '\ ,

PRI T L
) Gd'dzuk 8 calculatlon shoys.that the‘smearlng effect ;
'_:,indEed reﬁlces the ’conductlv:l.ty 1ncrease. FJ.g 5 14a
%Qs'tra‘égfs'the:' ratio _.of the dlstnbutecda i;npurrty

~2 cgnductance to‘ thea clean Junct:.on % a fmnctlon of

.4

applled voltage, treat:mg the 1mpur1ty level parame- v"’

o -"tr:.cally (N A, /A = 1) ! Fig. 5. l4b _shows the effect
of the . bart':.er W:Ldtll on c /o _ The broaden:.ng of
O'R/O' is due to the presenc’e of a flnlte electrlc

.

r -f:.eld inQ‘he barr;er, Whlch Shlfts the bound state oo

t

V_-egérgy cfi‘ an impurlt,y by an an;ount -of the order, of the A

"*tvoltage drop at. ‘the - m:rrespondmg mpurlty sxte- E

'avold comPleta Jblm"' fng ef the resonance effect'
B J.mpocrtant that the imp ~j.ty has an energy level cldseﬁl-" Ly
at 1t 1s located 1n a few -_' -

. B . : IR TN L

o
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The ratio “of. distributed impurify”éenductahce
. to the clean Junctlon conductance as a functlon -

S )

of voltagﬁ' ).5 \° ‘ ,
f&ﬁuf{ty lével treated parametrically‘ -

w;‘ ’1
b) thlckness of the barrler treated
i --". S e e
parametricatly. ¢ S K
. S _ i-;’. o .
- 4 J e




‘ ‘Qv&-OOOIOV S

$=1.0

eV

u
i 3
L U T
e
-
-
“ !
) .
~



L " ."H.?u'-‘
o ‘ ’ G ' o
. 'fg atomj.c planes ins.Lde ghe barrler. Im-

R

purity c ust&rs J.ying near the 1nterface y1eld a P

'_* ___contribu on_uhich is very asymmetnc with respect
to“ the apg!.ied l;ias.ln Thls‘follows “because the Shlft
of the ene"rgy lev@l "‘ivith tha ?pplied voltage is

: 2y
' polarlty dependgnt. e s e :-":' :&

TR We ‘shoulsd note athat the presenged %reatment is
‘ Wy 9 v
b o"g'h’e dimenslonai and assumes wth;;ﬁ:,‘the irppurlt‘ir has only 3
./, v Y N
AR Q - . . ,’ . s ' .
*’one regananoe ].evel In 'feal:.ty tl’?‘e attracm.ve P 'J
M “§ o R ,!, .‘ .dl*‘;; i o o

%Mpotentlal aésoci‘atgd wlth thi 1mpur.1ty i‘:a'n have more - e '
‘.".%AQ‘ aq\ yoo

s thbax: e, al%‘u.?.redIj i&gel \(uth £ result tl??t» the tunnel- |

- «1nq characﬂ;'era‘.st,ics %vi{l‘i shbw a seri‘es oi ‘pé aks wl';lCh %
may oxglnay not. J,nétefact w.{f:h each other ‘to brlng in- ‘ “4
additio*x’tal sl'aear‘lng eg»fect. “A three dlmens.xonal | ‘

«
‘5

treatment by ﬁuraul.t. (!?furault, 1971) 'of‘ the resonant

nwelectron t’unnel.f‘ﬂg predi’d'ts that the-*&ansnﬁ.ssxo
n,.. 4;,

qoefficiept vari:es as: a Lorentz:,an w1th the peak at

the re;sonance energy l%rel. The width of the Lorentz:.an

18 equal to the w1dth of ‘the’ virtual.. bound state o ‘
PRI
— 3 lT" |

. X 9 DR . - .

lT | =
(F,_j.- _E_R),

A T . v e

‘where E is the resonant level,, T - w:.dth of t,he level

'x,ﬁs the resonance enhancement factor depen-

| tration. A cald lation by'-:Combescot (Combesqot, 1971)
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5.5 Di‘scussio‘n" L Y e ,

On the basis of the experimental ev1denge pre~
3. _

 sented in section 5.3 we have oBR1adea that the ,
interaction between the tunneling electron and the

l'trapped impurity is responsxble for the appqarance .

3 R4
S "*'.J

of the additionalﬁﬁwructhre in our tunnel Junctions.,
Tl A

Schmidlin (Schmldfﬁn, 1965) analyzed the effect of the | ;
trapping ‘centers on’ ‘the barrier prdfile and found '

that throughout a low voltage region alp051tive 1on
v

‘substant;ally ;ﬁﬂpces the barrier high 1n its” 1ocality

"@h;ggév

. At large bi
_ ‘ Y
"smothered" onifiA

_electrode. The lbcay decrease of the barrier height “fil;.

.aroud&"the 1mpur1ty “Can then be instrumental 1n
s establishing a resonant transmiss1on of electrons
"across the batrier via 1ntermediate energy levels
'>631Stlng in51de the barrierl :

Wlth these qonsidera'ions, the changes produced.i‘

vi in. the general behaVibur ogxtﬁe Junctions by annealing
' DC‘blaS can readily be explained by i

Whlle a current was passed along the electrode is 4;_:,¢HZV‘_

‘attributed to a redistribution of charges ekisting‘ ,;‘ﬁf

L2

w
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t

. A convincing confirmation of the resonant
‘ 1mpur1ty assisted‘tunnellng arises from ‘the obser-
vatlon “of the behav;our -of the 1ocallzed energy levels
under the influence of a m gnétlc field. 1In flg. 5.15

we show the second derivative curve of a previously

“shown anctlon (fig. 5 9) measured at 0 kG and 60 ﬁ%g% e
R Y N

with a field orlented parallel to the tunnellng current.

The characterlstics were obtained .after the Junctlon

v,

was annealed at room temperature.' Even _though the

,'osc1llat10ns when/ﬁbmpared o the flrst measurement
T .

" did not seem to exist, a 10 folad 1ncrease 1n sen51t1v1ty
N P
reeolved the weak structure.\ ‘The P oﬁunent feature of

: the 60 kG curve in flg. 5.15 ﬂs\/kl*ggpearance of two peaks
at NS meV as a result of the Spln Spllttlng of. the
eviously degenerate atom1% level (0 kG). The effec- -

tNve g factor obtalned from the separatlon 1s.g 2. 75. o

Wlth the. exceptlon of the;beak at v16 meV ‘which is
&5 }’
1dentif1ed with 1nelast1c’phonon em1551on (Klein et al,-

1973) ‘the other peaks appear to be shlfted or bgoadened»

“"under the 1nfluence of the magnetlc field. A small g

o energy difference in- %he segaratlon of the peak at

. 5 meV suggests that the strength of the magnetlc fleld‘
was no€ sufflelent to 5chieye complete Splttlng of the_.

other atomic levels. Esaki et al (Esak1 et al, 1968)

. -

_ reported a 51m11ar observation of locallzed energy
levels Ln the forbldden gap of PbTe. 50111atlons LT

IR

. o L . o S e o L

i -
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“in the tunnel characteristicswd%'Pb/O/Pb were reported
»ias well. (Yanson et al, 1971) These were directly
.correlated with the impurity contamination of the o
barrier by a layer of urac11. It was assumed that
tunneling’ through localized energy levels ‘was res-
ponsible for the occurrence of the oscillatibns.

The discussion in the precéding section shows
that the effect of the 1mpuritie; ‘is most pronounced .
\ if they are distributed in a. few. atémic plates Whlch; ot

-

- are well separated w1thin the‘depth of the insulator. ‘,19‘::

*~ . ‘The sharpness and the separathn d% he experimeﬁtally @

Coe

A3

'.observed peaks then ‘heads to a conclu81on that Ehe_
1mpur1t1es do not 1nteraét strongly w1th“%ach oehnr..'

" The lifetimes broadening of the atomic 1evels of the‘!}
order of 1 meV gives an éstlmate on theé}ocallzation ;{ "ﬁ"

time of an electron inside the pdtential well. The .

time on the order of 6 xlO -13 sec is comparable t° e K .

4 taT ‘

the accepteg magnitudes ‘of the barrier transmission s e
& X

- o

()' t1mes‘(Gadzuk, Luqas, 1973 Thornber et al 19(7). “'.j:ﬂ*fjji
v -Recal& that\ne havé“ab 1n1tio required such a- B L
relationship The hias region of the occurrence of ‘:tu-ﬁijf
the 030111ations confirms the theoretical prediction '

if the inter-*y‘ N

;J that their observation i more like

- o S
’357 mediatq energy Ievels are situated in&the v cinityﬁe

' the Fexmi level. _,i . u}—.
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Co Even though the‘origin of the impurrties has

S

_ not been eStabliehed a few considerations may help

.

wto elucidate this question.. The ‘observation bf a”

structure in Mg junctions irregardless of the top

"electroq‘e and of the barrler leads to two poss:.biiities
"‘or a combination oi h.~ “ Into the first category =~

;we mlesszify a- contem:.nation of the barrier (while it
- 'was grown) by foreigna atoms.‘. This 1nc1udes vthe un— "

T

;;avoidable adsorptsonvf resr_dual g'ases imid\e the ,' | //
vacuum sYstem. Shen (Shen,r, 1966) suggesvd tth various .
4- iimpurities (A@i Ni, Pt) oan be introduced into the ‘ . o |
| ‘nsulating layer if the glow discharge method 18 usedt 3‘}"."'.‘

. g N l’
'r the barrier fomation.ﬂ The contamina:tion was caused . :

‘ v ‘A ) /} . i . )
. .b mﬁerxq}s sputtereﬂ from the electrodes. ‘ The. Sn-' N ‘
Pb and Sn-Sn Junct“iogk showed several sha,rp peaklike "-:' e

'1% strilcture,s 1n the conductence of the tunnel Junctions
B 4 .» . .
'wh:l.ch he 1dentif1ed with randomly distributed energy R
‘..“':; R :‘ o ‘—\' {«'-‘:’ .~ *:uz', \ ° .‘..v ‘ .
S bgrrier. B s } L. i .
The Second possibility leads to an. a§sumption o

.v“.

v that the J.nsulating barrier mtrinsicall’y contaihs

UL 2 -7,.1""

e trapping centefs aris:.ng from its nonsto:,chrometricL .

‘TESakJ-'\ eA alv l368t Sasaki, 1960) i Stevens n:
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‘were similar’ly assoc:.ated With the nonsﬁo\hiomet’rirc

. compoSition of the oxide. We suggest further ‘

experiments in which /the procedure c),f sample preparat;.on
would be altered in order to éliminate the susp‘ted |
vy reasons hehind‘:he contamination of junctiong We, |

N 1

" similarly, leave open the answer for the disappearance

. 'of the os cillations wz.th the 011 doping of the . junc—~’~ .

&
tions. *ggest éither a; binding of uﬁcompens‘ated

Mg rons@mto comm.ex** organic mlecules or a muoh simpler

. xeason ' ar:LSing fi:o‘m preve)t\:ing the sputtering of

v

P A s TR

rﬁ’ai‘rials from the discharge electrodes by fomation _'

. o .
« ) e . @ - A . ' o L. e i

[
o



CHAPTER 6

TUNNELING INTO BISMUTH

6.1 Quantum size effect in Bi
There has been a considerable interest in Bi,

" both théoret;cal and expegimeptal (Fa%'kovskij,l968).

Its interesting properties result 1q§§31y from its
carriers which are very_ligﬁt and feL in number. ' \
The fermi 1¢Ve1 of the electrdns'is 125 meV ' i
(hoxésw,ll meV) and the effective mass along:éome‘
crystal'direction is two or three orders of magnitude
smaller than the free elgctron mass (FaI'kovskij,1968).

'Consequently the electronic de Broglie wavelength can

be as large as 300 R or 400 A. In compariSQn the

de Broglie wavelength in metals is on the order of
the lattice period which is at the most a few A.

‘If the de Broglie wavelength of the conduction

‘ ¢lectrons becomes compara5le to the physical dimensions'
of the sample, the electronic ehergy sPectruﬁ'should
become dlscrete (quantquSLZe effect)w1th the separatlon
between the energy levels belng determined by the .

l sample thickness (Tavger, . Demlkhovsklj, 1969). <The

main features of sxze quantization can be derived from

"a model in which the electrons and the holeS‘are‘

regarded as independent particlés moving in an infinite

kA . 4 ‘o o



_ e ' - 180
) ) ‘\
square well potential. The ngle particle wave o
function for a film of thickpess L, can théh be
written as
\ ~ ' : . '
2 vz nnz o : g =
vn k k= (——) sin —/— .
g Y | LzLxLy ) Li
. ; » - » » ; - .
.exp(lkx.x + iky‘y) - (6.1)
where 0 5 z S Lz, and the film has infinite dimensions "
in the y and z diré:iions. The correspbndin§ energy
spectrum is '
S SV G ”
Enkxky = n"E_ + 2——— + (6.2) o )
y ’ . ~
where :
2.2 -
Eo = __f.l__% ?.
2m_L°° -
- z z 13
. .

_'n = 1,2,3,....

Phus whilg‘inla'bulk crystal, the glec%;on states are
given by points which £fill the Fermi se; quqsi—
continuously; in a thin'film the Fermi surface breaks
up into allowed s sheets parallel to k -ky plane.
'Eachusubsheet corresponds to a discrete value of the
wave vector along the quantlzed direction of the fllm“
(Garcia, et al, 1972). .These consequences have been

investigated with regard ta electrical conduqtivity,

optical properties,‘galvanomagnetic phendmena, para-

maghetic susceptibility, superconductivity{and tunneling

*
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' ppenomeha (Tavger, Demikhovsk;ﬂ,'l96§; Larsoﬁ, i971).‘
One of the possible methods of direct experi-
mental observation of the anntizatibn of the transverse
motion energy in a film is the use of tunneling of the
' electrons. in a sandwich mademof.theminvestiéatedwfi;ms_-r I
(Gogadze, Kulik, 1965; Kiimmel, 1968). In the tuhnel '
junction, the filﬁs of quasi-discrete energy specfrum .
are separated by a potential barrier. When an external
field is turned on, the energy‘levels of one film shift
relative’ to the levels of the other film. Assuming
elastic transm1551on the current “through the barrler
will arise whenever the populatedAleve}s of one film
lie opposite the free levels of the other film, As a
'result, a current—voltage characteristic in the form

¥

of a series of peaks is obtaiqed. The period of oscil-

»

lations is approximately N

- ,’E .;_\\
BE = [T 6.3 .

where m* is the effective mass of the carrier. The ‘ 3

upper bound on the amplitude of the oscillations is

- estimated to be

osc _ .

'(Goaédze, Kulik, 1965). It is illustrative to estimate
the order of magnitudes involved. In order that the




oscillations would be observable leé us require that

oscC ‘
F— 10 1
non

'

This depending on the Fermi energy puts an upper limit
“on the thickness of the film. Table 6.1 illustrates

&

the calculated values of the required thickness and
correspondlngly obtalned periods of oscillg

tions, AE.

Table 6.1

- Thickness and periodicity of oscillations

<

Material - m¥ Eg * Required = Calculated
thickness - AE
typical metal m_ 1 ev 120 & 98 meV
Bi electrons 1072 ;;‘ 25 mev 7400 & 2.50 meV
Bi holes 0.7m, 15 nev 1140 & 1.50 mev

mo‘is the mdss of the free electrons.

The thickness range in Bl lS consmderably relaxed
‘because of the. small Fermi 1evels and light masses of

the carriersf Thus accordlng to theoretlcaljpredlctlons

S

it is possible to observe the QSE directly by tunnelin

-,

However,fit is obv1ous that thls favourable predlctl

182

is further minimized through thermal smearlng-and scatter-

LY

ing of the carriers by 1mpur1t1es and dlffuse boundarles.

It is then necessary to keep the films suff1c1ent1y

homogeneous and pure.. Tunnellng into slngle crystals
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T\ - "?

or films containing large grains of well ‘defined

)
\

“ orientation therefore inpreases the likelihood of the

N . ' /)——

.‘observation of the QSE. The existence of quantized
:energy levels in thin metal fllms was well documented

through ingenious interpretation of. tunneling results

of Jachlevic et ali(Jacklevic ‘et al, 1971). They
have noticed that eyen'though the required smeothness

of the metal films is ‘not ekperimentaily feasible,

‘certain "energy levels (for 1nstance at the band edge)

- -

are stationery with respect to thickness perturbations.
These then are easily determined by tunneling experi-

ments. ;

A direct observation of the quasi-discrete energy
level spezf?um by tunneling was claimed by Russian
experimentalists(Korneev et al 1970 Lutskii et al,

'1966). Korneev et al have observed osc111ations 1n

Ag-Bi structures in which the electrodes were condensed'
_onto two separate mica substrates and’ pressed together.
The measurements were performed at nitrogen temperatures.h
The thickness of Bi films was greater than 1000 &.
Lutskii et al r;ported the observation of the QSE in
structures in which the thickness of the Bi films ranged
between 800 1300 R. In both cases the steplike 1ncreases

NS

"in the tunnel characteristics allowed a‘successful cor-’

| .

relation with the thickness of the film.

. The purpose of our experiments was to repro-

duce these results through.tunneling experiments in
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systems containing Bi fflms in\which the insulating

1ayervwas formed by a solid dielectric.
K '

-
[

G.i' General considerations ' _ ! /

~ Jthe investigatiofs were performeg/pnahlVBi,
Mg/Bi,'%i/Bi and Bi/Pb junctions. They were ﬁre—
pared according to the procedure described'ea?lier\

) . ]
. (sectlon 3. 2) The substrates usually were héated

a e

. to 80°C by a re51stive heater 1n ordér to prphote
.._~_‘;-_‘.

formatlon-of large gralns 1n the evaporated film.'
Even though Bi fllms evaperated onto glass slldes
'genereliy are.polycrystalline,4the trigonal/exes of
their grains are ﬁsually within 26% of the film
normal (Komnik, Bukhstab, 1968). Condensatlon of

Bi fllms onto heated mica creates larger crystallltes,
N
the trlgonal axes of which are perpendlcular to the.

substrate;Q&omnlk, Prllpenko, 1971). Hauser and S L

.

Testardi (Hauser, Testarpl, 1968) reported similar

1

'observatlons. Electron mrcroscope study éhcwed that.-

the lateral sizes. of the mlcrocrystals were on the
Vforder oﬁ.lsoo K 3000 &. The extent-of graln forma- -
ﬂrteon was not very crltlcal on the evaporatlon rate.

The anneallng of fllms durlng oxldatlon dld not 1ncrease }'

the graln sizes appreciably (20%—30%):_
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The thickhess of BRi eléctrode; fanged bétween
1500 K*—lSOOO R. Films thinner than 1500 K after {
) oxidation had very high re51stances (>S k).
‘Jupctions made of these in most cases were not stable
~and were easily destroyed by biasing them only to a
feq_mev. The counterelectrqdes of Al, Mg, Pb‘weré

approximately 1000- 5000 R thick.

-

The detection of an energy gap in Ph by

K

tunneling gave us a confidence that the dominant

mechanism of a current transport acrbss the oxide .

-

of Bi was due to tunneling.™ The observation of o &

inelastic phonon assisted tunneling in Bi/Bi

3

samples similarly led us to believe that bysox1datlon

e ©°

of Bi in- oven we could prepare "good" tunnel junctions.

6.3 Discussion of results ,

.Early measurements on Bi/Bi junctions showed
, ; , a ,

a repro@pcible oséillatory’type structure in the

vicinity of zero bias. We illustrate this in
figs. 6.1,and 6.2. Fig;,G.l shows the cohductance
curves for three Bi/Biljuthions.° The Bi films in
Junctions 007 and 016 ‘were 5000 - thick.  The films

in 001 were 4000 & thick. The correspondlng derivatlves

'do/dv are in the next figure (fig. 6.2). 'The amplitudes

"



Fig. 6.1

¢

Conductance vs energy for three ‘Bi/Bi

junctions. The thicknessessof films were

following :-

001 - 4020 R/4020 R
007 - 5360 R/5360 &
016 - 5420 &/5360 &



L / | |
N | h 187
/
. /l
, |
|
.06 - o W
( T=1.08K o
- 00181/8I | ,
n N\, ——o007BI/BI /
. b ’
\. —-— 016BI/BI / |
-
blg 103 |

1.00

‘ .



}da'/d@ " 2

jnnétion;% -
- NN

%.oo. ,‘_f?’i‘ ‘ ‘ ' -

s







}135/

8.0 ~ ' . A
= Q01BI/BI ;\ '
[ e = 00781/ 8! ,'ﬁe\
=== 0168V 8 e |
‘[ Ter08k | , 3
T | . ) < .
S '
o
£
-~"
b|>
. O'o
—-'bo'
X
o~ .
x=) -
T B T | dl ' ~1 —
2

-50 ' : /
3 5 -4 3 2 3 0 | 3 4 3
- ... ENERGY(meV) W /



190

\\\ ) . : I

of oscillations ino0o01, in comparison to the.two v
other’jhnctions, are small and barelg!visiﬂie. For
positive applied voltages (top film positive) the

oscillations had practically the same periodicity.

w—w_—ThisT~heweve:1 was_not_true_fcr_the_hias_yoltages of
negative polarity (top film negative) The explanation -
of this effect is probably due to difference in the

film structure, since the bottom films were always

' subjected to an annealing. : .
Liw:

o

Fig. 6.3 illustrates do/dv for 007 in a greéa

detail: The general.features of oscillations sé&an
in fig. 6.3 were well rpproduced even in°junctions
where the electrodes were 15000 & thick. In all
* samples the regular oscillations always disappearedA.
beyond the_phonon emissionrthreshold at 3 nev (Rowell
et‘al 19695 Taking into account this reproducibility
we beli8ve that the structure cannot be connected |
with impurity assisted tunneling discussed in Chapter 5.

N
’ﬁowever, since the periodic1ty of oscillations did not

.Change with increased tthkness of Bi films, we c
1mmediately conclude that the structure cannot be

connected with the oBservation of quantum size effect.



. -‘-‘a‘s‘

Y, do/av

. Hg.'63

o

4

-

vs energy: for 007 Bi/i&‘ihwﬂ
:v a . o ) .f :p,.‘ _‘ -




.
)
. M ’
|
2.40
| 007.Bi/Bi
T=41.08K
> -
1]
E "
~
b|> B
ol huo B P
'_|t;,o.25 p
4
. 4
o
-_]_9"0" i 1 l 1 I 111111141
-5 -3 -1 1 3 5

ENERGY (meV)

192



6.4 Phonons in Bi

.

The observation bf‘phonon emission by tunneling
in carefully prepared single crystals of Bi ‘has been
reported by Esaki et al (Esaki, et al, 1968a). The
,copductance characte;istics of,Bi/Alzoj/Au tunnel
'jﬁnctions, in which Bi was,orienfedrgiong'its_tfigonél
axis, showed a set of humps locati? approximately at
3tl meV, 6t1 meV, 10tl meV and 14*]1 meV, regardless of
the polarity of app;ie@ voltage. These yere'correlated
with previéuslx;measured phénon energies oflthe four

propagation médes in the trigonal direction (Kotov

e

et al):

transverse acobustic (TA) = 4.8 meV ,

longitudinal dcoustic (LA) =. 7.4 meV ,
’ : ) A |

transverse optic (TO) - = = 12.6 meV ,

and lohgitudinal optic (LO)= 13.4 meV ,
at the Brillouin zone boundary, - )

and TO = 9.2 meV and LO = 12.5 meV

at the zone ceriter. '

Péaks in doe/dv at 3 and 12 meV reflecting the inelas-

-

tic excitation of Bi p‘*ns in Al/Bi junctions were
observed by Rowell et al (Rowell, et al, 1969).
Results similar to those quoted above were

obtained in our samples as well. - However, in contrast

LA
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Fig. 6.4

A
Observation oﬁ\inélastic phonénkassisted‘\_
tunneling in a Bi/Bi junction prepared on
mica. The numerals sHow the location of

phonon peaks.
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Fig. 6.5 S
Observation of inelastic phonon assisted

funneling in a Mg/Bi junction. The

numefals‘show the location of phonon peaks.
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Fig. 6.6
a oS ‘

Observation'of‘ihelastic phonon assisted

;unng;iﬂgvin'an Al/Bi junctioh. The
] | _ ‘

'numerals‘shéw the location of phonon péaks;
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to the observation of Rowell et al, we were able to

detect phonons which energetically lie between 3 and
1Z meV.

According to Esaki et al junctions with poly-
crystalline Bi films did nof exhibit ‘the fine phonon
structure in their tunnel charégteristics. Furthef—
more, they did not see Anyrstruqtu;e iﬁ jpnctions,
the resistances of whiéh were below 5 kQ. In.com—
parisoﬁ the resistances of our saméles were less than
5 kf. ’Tg!!détection of phonons in our polycrystalline
Bi films therefore complements the resulﬁs'of Esaki
et al. |

| The assigﬁﬁents of phonon emission thresholds

according to Kotov et al are following :-

. Table 6.2
Identificatioh of phonon peaks in Bi/Bi junction
. . . Possible Cryé;,
.Peak number Position(mev) identification direction
T 3 a2 fold axis
2 » 3.8 TA 3 fold axis
3 | 7.8 LA 3 fold axis
4 : 12.3 TO0,LO 3 fold axis

\

-~

Similar identification is performed in a Mg/Bi junction

(fig. 6.5).
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Table 6.3

&

Identification of phonon peaks in Mg/ﬁi

Possible | cryst.
Peak number Position(meV) identification direétion,
1 | 3.3 | LA 2 fold axis
2 7.7 LA 3 fold axis
3 9.7 . TO 3 fold axis
4 © 12.4 " go,.0 3 fold axis
5 18.4 transverse Mg

6 : 27.5 longitudinal Mg

The unmarked peak is due to zero bias anomaly.
Fihally,.we p;eseht the results of tunneling into an

'Al/Bi junction (fig. 6.6).

Table 6.4

"Identification of phonon peaks in Al/Bi.

Possible . Cryst.

Peak number Positiogé@eV) identification direction
1 3.7 LA 2 fold axis
o , g, |
2‘\ 6.5 - TA 3 fold axis
3 | 8.5 LA? 3 fold axis
4 . 11.4 Lo 2 fold axis

-] ' ‘ }?15.1 ‘2. phonon processes?
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When determining the exact peak positions above
a small correction factor-(.lB‘meV) due to super-
conductivity of the Al-electrode -was subtracted
from the experimentally measured peak ?ositrons.
The peak at 6.5 meV is identrfied only tentatively
in the view of uncertaihty in exact determingtion of
’ maximua. rfzgk%/dy. The peak. at 8.5 meV_is. above the LA
phonon (7‘3 meV) emissxon threshold. Both peaks, how-
erer, at 4.2 K merged into a broad shoolder around
8 meV which is in the vicinity of the eieitation energy
af the LA phonon. The common feature of all three
samples is the appearance of phonon peaks in the
vicinity of 3 and 12 meV. This suggests that the
coupling.between electrons and phonons is strongest
- at these energies. We expect that the resblution of
phonon peaks atidifferent‘energies depends on the size
and orienration-of grains comprising'the evaporated
Bi film. .

h\6.5 Other interesting effects ‘ o : : //
\ e

\

\‘ In connection with attempte to observe QSE in .
Br\we have performed tunnellng experlments in whlch
the\Junctlons were biased up to 500 meV. All Al/Bl
‘and Mg/Bi Junctlons have shown the characterlstlc W-‘
shape (Fig. 6.7). The Bi/Bi junctions on the other

_hand show the more parabolic shape associatedjwith.



Normalized conductance vs energy fbr typical
Al/Bi, Mg/Bi and Bi/Bi junctiers. The Mg/Bi
curve has been dispiaced upwards ﬁy 0.2 for
clarity. Negative bias indicates that thé

‘bottom ihyer is negative wiih;xéspectfto the

counterelectrode.

3
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symmetrical tunnel junctions. 'We feel that ﬁqéAﬁ;»‘

shape arises from the large differénce in_prmi-'
] . ' v oL

energies between the base layer and Bi codnter~.

L v

14

’electrode.

.‘%} .

AN

In the intezmediate energy r&hgé.(<:Zf/$9vr; i;
we have observed a structure in Bi/Bi{, Mg/ R

~Bi/Pb and-?bet—junctions—which—in eertaia—extent—n
correlated with the known band edges of- Bi deter-'
mined by other gbservers (Hauser, Testa:di¢-1968,

Esaki et al, 1965).

- , Y -



CHAPTER 7 . ,
13

) SUMMARY AND CONCLUSIONS

7.1 Discussions

- The experlmental work presented in this the51s
is d1v1ded into three chapters. |

. In Chapter 4 we have presented the results of
measurements of small conduotance decreases occurr- . .
ing around zero bias. A recent theory (Trofimenkoff
et al, 1972) has explalned these through non—equlllbrlum

treatment. of the tunneling process. In partlcular, the

related structure in ¢ and do/dv have been accounted
‘for by the blocking of otherwise ‘available electron
states due to finite electron relaxatlon_tlmes in metal
electrodes. The theorywassumes that the deblocking of
occupied states is through scatterlng of electrons via
lattice vibrations and impurities. These processes are
charaoterized by a temperature and energy dependent

electron—phonon relaxation time Tep and a constant

1mpur1ty scatterlng time, Ti. The temperature_depenf
dence of the zero bias anomaly is described -only-by one
parameter r, the knowledge of whlch allows one to
extract the impurlty scattering time T4 f the strength

.

of the electron-phonon-interactlon is known beforehand.

’
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We have performed detailed measurements on Mg/Mg,
Mg/Au and A;/Al junctions and found eﬁ;t the theory
agrees well with experiment. A magnetic field
oriented perpendicularly to the direction of tunnel-
ing current reduced the conductance anomaly. This
‘effect was explalned on the ba51s of Lorentz force
induced drlft of tunnellng electrons w1th whlch we
have assoc1ated a scattering time, Tyrift' PTOPOI-
tional to the strengtﬁ of applied field. No
observable chahges in the anomaly were detected if
the magnetic f®eld was applied parallel to
the tunneling current.

While investigating the zero bias ‘anomaly
Qe have ebserved additional oscillatory type struc-
ture in eharacteristics ofrsome tunnel junctions.

-

The structure was found to exist in Mg/Mg, Mg/Au and

Mg/Pb type junctions, irregardless of electrode thick-

ness and barrier preparatioh. With the aid of exter-

nal perturbations the properties of junctiens could

be irreversibly altered resulting in new characterlstlcs.~

Adsorption of hydrocarbons during formatlon of barrier

layer prevented the appearance of oscillations. From

these observations we'ﬁaVe concluded that a contamina-

"tion of.the insulating layer by charged impurities is

responsible- fox the observed_structure. It was suggested

that the impurities could alter the barrier profile in
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such a way es to allow for a resonant transmissicn of
tunneling electrons. The effect of external pertur-
bations is then understood on the basis"of rearrange-
ment of impurities insidelthe barrier. Another
possible explanation of theﬁpbserved effect arises
1f we con51der a creatlon of space charge trapplng
clusters, which could be 1nstrumental 1n capture of
tunneling electrons.~ However, until the exact nature:
of impurity contamination is not found, the results of
discussion given in Chapter 5 will remain purely
speculative. 7

| In Chapter 6 we have'brieflyvcommented on an
.unsuccessful attempt to observe quantized energy
leveéls of Bi by tunneling. As a byproduct of meh— .
surements, we have observed the’ exc1tat10n of phonon‘Sj
in,polycrystelline Bi films with Bi/Bi, Mg/Bi and
Al/Bi junctions. These results augment the previously
puulished'data and simulténeohsly provide better
resolution for some of the observed peaks. The high
energy conductance curves (500 meV) of Al/Bi and-
_Mg/Bi'juncticns displayed the usual W-shape associated
with such junctlons. On the other hand, Bi/Bi junctions
showed characterlstlcs Wthh are typlcal of symmetrlcar
junctions. ThlS 1nterest1ng result requlres further

experiments~for its proper 1nterpretatlon.



7.2 Suggestions for further work

Concerning the zero bias anomaly we propose to
investagate these areas as»possiblelextensions of the
presented work.

Evaluate the dependence of the zero b1as anomaly
on the crystal structure of the metal electrons.' In
particular, we would expect a correlation betueen the
magnitude'oé the conductance dip and the anisotropy
in the electron-phonon relaxation time. This, of course,
requlres a preparatlon of 51ngle crystal junctions. = We
include here the dependence of the zexro b1as anomaly on
film thickness. The\experimental results gave quali-
tative agreement with the theory. A more detailed
'1nvestlgatlon should p0551bly extract the amount of
blocklng due to decreased film thickness. In connection
with this we suggest backing of electrodes with a
silver‘layer in order to change the amount of specular

scattering.

A further study should show the»effect of alloy—

»

}ng on the size of zero ' bias anomaly. -With‘such experi-

"rments we can change not only the impurity scattering

tlme Ty but the electron—phonon coupllng strength as

.well.

209
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-

Finally,vas‘it has already been shown
(Wattamaniuk, 1275) the non—equillbrlum aspect of
the electron tunneling can be extended to include
a tunneling into superconducting metals. In par-
ticular, for the case of two -identical superconductors,
the continuous increase in the tunnel current just |
"above twice the gap edge (T # 0 K) has been enplained
as due to blocking of the incoming quasi-particles.
It shouldvbe noted that/ the quesi—equilibrium theory
predicts a discontinuo s jump which is experlmentally_
‘not observed. Further experiments are needed to clarify
this sutuatlon. | ' 4

Regarding the 1mpur1ty a551sted tunneling, the
objective of further experiments is to determine the
origin}of barrier contamination. This requlres a
different method of barrier formation; thermally grown
| barrier ellmxnates a possibility of contamination
.through sputtering . actlon during glow dlscharge.
Experlments should be performed 1n order to determine_
" a mechanism by which adsorption of hydrocarbons in the

sulatlng layer prevents the occurrence of osc1llatlons.

Since our "attempts to observe the quantlzed
energy levels dlrectly by tunnellng have falled we
‘suggest further experlments 1n whlch surface roughness

o

nof Bi films 1s mlnlmlzed and better controlled. ThlS

o

includes tunnellng 1nto 51ngle crystals of Bi. -
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-~

Furtﬁermoré, tunneling in Bi/dxide/metal and metal/
- oxide/Bi type junctions.appegrs to be ;'ﬁniqué method
of proper‘identification/of a structure in character-

. istics of these junctions.
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