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Chapter 1

Theory
When two metal electrodes are brought very close to each other but without actually touching a small current can flow between them. This current
is called a tunnel current because the electrons have to pass through the
energetically forbidden region between the two electrodes. The amount of
current flowing between the electrodes is strongly dependent on the distance
between them. This strong dependence on distance is used in a scanning tunneling microscope (STM) to image the atoms on metallic surfaces. However,
we can also use the voltage dependence of the tunnel current to characterize
the surface. In this chapter we will show what information we can extract
from the voltage dependence of the tunnel current.

1.1

Tunneling on metals

In this section we will describe the tunnel current through a normal metal insulator - normal metal (NIN) tunnel junction. To exactly calculate the
current through a tunnel junction is very difficult. However, when the interaction between the two electrodes is weak we can use the transfer Hamiltonian model. This model was first used by Bardeen [1] to describe the
tunneling between two electrodes. In this section we will follow Harrison [2]
and show that the tunnel current (a) depends on the number of transverse
wave vectors and (b) strongly dependent on the magnitude of the transverse
wave vector.
When the two metal electrodes are brought close to each other, there
exists a finite probability that an electron in a (filled) state on one electrode
will be transfered to an empty state on the other. The tunnel current from
1

2

Theory
electrode a to electrode 6 can be written as
in
М
2
І = Х Е \ *ь\ (fail - h) - fb(i - fa))δ{Εα - Eb - V)
a,b

(1.1)

The matrix element Маь connects states a on the left side of the barrier to
states b on the right side of the barrier and visa versa. The occupation of
states a and b is given by Fermi distribution functions fa and ƒ(,. In planar
junctions and to a certain extent also in STM tunnel junctions the matrix
element Маь vanishes when states a and ò do not have the same transverse
momentum kt. Assuming the conservation of transverse momentum we can
rewrite eq. 1.1 as

\Mabï2(fa(l-fb)-fb(l-fa))S(Ea-Eb-V).

>= 1 Τ Σ Σ

(1-2)

kt к1а,к1Ь

We can replace the summations over the longitudinal wavevectors k[a and кц,
using the energy conservation condition in the ¿-function by an integration
over energy, i.e.
oo

•••

/

*«.,*!»

Pa(kt,E)pb(kt,E

+ V)dE

"°°

(1.3)

where pa and рь are the density of states for a fixed transverse momentum
kt given by paf, = [1/тт)(дЕ/дкп)~1. The new expression for the tunnel
current becomes
oo

4πβ

~~h~

/

| M a 6 | 2 paPb

(fa(E)

- fb(E + V)) dE.

(1.4)

-oo

As we will later show, the matrix element |M0f,| is inversely proportional to
the density of states pa and рь and will cancel versus the density of states
pa and рь in eq. 1.4.
The matrix element |Maf,| can be calculated by evaluating the current
density operator Jab between states a and ò within the barrier:
Mab

=
=

-ihJab

(1.5)

~[<№Фъ-ФъЧф*а].

Here, фа is the wave-function of state a within the barrier, which is not the
same as the wave-function ipa of state a in the bulk. There is a real difference
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1.1 Tunneling on metals
between the bulk wave function ψα as defined in the infinite crystal and the
barrier wave function φα as defined inside the barrier, although they belong
to the same state (i.e. same energy, same transverse wave vector). The
relation between φα and ψα depends on the exact shape of the barrier [2].
When we assume that the band structure is slowly changing in the transition
region and make a WKB approximation as done by Harrison [2] we find
|M aò | 2 ~ Í — J (m/h)vg\a (m/h)vg\b exp(-2/t e / / d)

(1.6)

where
Í2m\ll2
Keff={-W)

ι
yj<í>eff + h4?/2m.

(1.7)

Here, Vg\atb is the group velocity in the bulk of states a and ò in the direction normal to the junction, vg = (l/h)(dE/dkn).
When we substitute
the expressions for pQ, рь and Маь into eq. 1.4 we arrive at the following
expression for the current density:
le
ί = τΈ
n

t°°
kt

J

-°°

exp(-2Keffd)

(fa(E)

- fb(E + V)) dE

(1.8)

We see that (a) the current depends on the number of transverse wave
vectors that both electrodes have in common. This has its influence on the
current when tunneling into metals with a two dimensional Fermi surface
as we will see in section 1.1.1. We also see that (b) the magnitude of the
current depends exponentially on the electron decay parameter Kt¡¡. This
decay constant increases if the transverse wave vector increases (eq. 1.7).
The tunnel current therefore preferentially consists of electrons with a small
transverse wave vector.
If one assumes an abrupt rectangular barrier, a prefactor would have
to be inserted into the expression for M0¡, which supresses tunneling for
electrons with small logitudinal wavevectors. In a slowly changing barrier,
for which the WKB approximation is valid, this supression is not present.
From tunneling experiments on metals with a density of states which is
strongly dependent on energy we know that the tunneling conductance does
not depend strongly on the applied voltage as one would expect if the tunnel
current was proportional to the density of states as suggested by eq. 1.4. The
most often used tip material Ptlr, for example, has such a strongly energy
dependent density of states, but has a structureless tunnel conductance. It is
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therefore plausible t h a t the assumptions made by Harrison about the barrier
shape and band structure continuity are valid for most STM experiments.
To conclude, the tunnel current in NIN junctions depends on the number
of transverse wave vectors (by J2kt ш ec l- 1·^) assuming t h a t this wave vector
is conserved in the tunneling process. The tunnel current reduces with
increasing transverse wave vector.
1.1.1

Tunneling to '2D' systems

The high-T c superconductors and in to a lesser extent some low-T c su
perconductors such as NbSe2 and some organic salts have a relatively two
dimensional (2D) Fermi surface. The energy of the electrons in these 2D
materials is largely determined by the in-plane wave-vector and only a little
by the out of plane wave-vector. In other words, the effective mass of the
electrons perpendicular to the planes is large, тп^/тпи ~Э> 1. This has an
influence on the tunnel current as we will see below.
Assume we perform a tunneling experiment with STM on such a 2D
material oriented so t h a t the surface is parallel to the planes in the material.
From eq. 1.8 we know t h a t the tunnel current is proportional to the number
of transverse wave vectors. It is assumed that the transverse wave vector,
that is the wave vector in the plane of the 2D material, is conserved in
the tunneling process. We therefore have to count all the transverse wave
vectors which the tip and sample have in common. The number of transverse
wave vectors on the Fermi surface is just the area of the Fermi surface when
projected in the direction perpendicular to the surface.
The Fermi surface of a free electron like metal is approximately a sphere,
and its projection independent of direction is a filled circle 1 (as seen in
figure 1.1a). This is not the case for 2D materials. The Fermi surface of these
materials resembles a cylinder with the axis perpendicular to the planes (as
seen in figure 1.1b). The projection of this Fermi surface along the axis gives
a unfilled circle, with the width of the circle being determined by the small
dispersion along its axis. The small area of the projected Fermi surface in
2D materials results in a reduction of the tunnel current as compared to 3D
materials. The tunnel current reduction for a 2D system is approximately
equal to the increase in the effective mass in the direction of tunneling.
This reduction can be large for some materials (2H-NbSe2 {тЦт*^ ~ H)>
ВІ2212 {m*/m*ab « 900), YBCO {m*c/m*ab « 25) [3, p. 121]). So the large
'in fact only real free electron metals have a spherical Fermi surface Although the
Fermi surface of metals such as (Au, Pt, Cu,
) have a complicated shape, the projection
of the Fermi surface in any direction fills up a large area of the total possible wave vectors.

1.1 T u n n e l i n g o n m e t a l s

Figure 1.1: The projection of a free electron Fermi surface (left) is
a filled circle whereas the projection of a 2D Fermi surface (right) is
an unfilled circle. The tunnel current is proportional to the number
of transverse wave vectors or the area of the projected Fermi surface.

effective mass perpendicular to the planes gives a reduction of the tunnel
current.
There is, however, another effect which also reduces the tunnel current.
In these 2D systems the electrons at the Fermi surface all have a certain
transverse momentum kt > 0. From eq. 1.7 we know t h a t a large transverse
momentum kt increases the effective barrier height. This reduces the tunnel
current even more.
In the arguments above we assumed conservation of the transverse wave
vector in the tunneling process. In STM geometry the shape of the tip
breaks the translational symmetry along the surface. The transverse wave
vector therefore is no longer a good quantum number and does not have to
be conserved in the tunneling process. This relaxation of the kt conservaron
has two consequences: (a) electrons from the tip with kt — 0 can tunnel into
sample states with kt φ 0. This elliminates the increase of the effective
barrier height for large kt on the tip side (see eq. 1.7). The wave functions
at the sample side, where translational symmetry still exists, still have a
large kt and will therefore have a fast decay in the barrier, (b) We need to
adjust the Fermi surface projection, since the sharp projected area becomes
smeared out.
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1.2

Tunneling on superconductors

In this section we will describe the tunnel current through a normal metal insulator - superconductor (NIS) tunnel junction. In the section above we
argued that the STM is not sensitive to the density of states. This would
mean that we are not sensitive to the changes in the density of states due
to superconductivity. The possible density of states effect in NIN junctions
is compensated in the matrix element \Маь\ by the group velocity. But in
NIS junctions only the normal state group velocity enters the matrix element
\Mab\ [1]. Therefore density of state changes caused by the superconductivity
will affect the tunnel current.
The differential conductance of an NIS junction normalized by the nor
mal state conductance is equal to the superconducting density of states [4, p.
190]
Nt(E) = JRe . . ^

==,

(1.9)

where A(E) is the complex energy dependent gap function or order pa
rameter describing the superconductor. Tunnel spectra on weak coupling
superconductors are very well described without considering the energy de
pendence of A(E) by taking Δ(Ε) to be a real constant Δ. But the energy
dependence is needed to describe the tunneling characteristics of strongcoupling superconductors, such as lead (Pb), as will be described in sec
tion 3.2.3.
Lifetime broadening By taking A(E) = Δ, we assume an infinite life
time of the quasi-particles. To be more realistic, one often introduces a
finite lifetime of the quasi-particles in the superconductor using the Dynes
formula
ЩЕ)

= Jfte ,

E

~lT,

(1.10)

where Г is an energy independent parameter due to the finite quasi particle
lifetime τ = h/Г. By using this formula one assumes an energy independent
lifetime which is at least questionable without specifying the quasi-particle
decay mechanism [5]. The formula is used by Dynes only within a small
energy region near the gap where both Δ and Γ could be assumed to be
real constants. In this thesis we will therefore not use the Dynes formula
without specifying a quasi-particle decay mechanism.

1.3 Proximity effect
1.2.1

The cf-wave or s-wave model

Using formula 1.9, as is often done in case of weak coupling [4], we assumed
that the gap function of the superconductor is only dependent on the energy.
This is the case in isotropic superconductors and in dirty superconductors
where electron properties either do not depend on the direction of the wave
vector or the wave vector direction is not well defined. This assumption is
invalid in high-Tc superconductors as we will see below.
In the high-Tc superconductors the angular dependence of the order
parameter plays an important role. The order parameter, Δ, can change
both sign and magnitude: it is often specified as a function of the in-plane
angle φ of the wave vector. For example: isotropic s-wave Α(φ) = Δο or
extended s-wave Α(φ) = AQ\ cos(20)| with nodes in four directions, d-wave
Δ(0) = Δο cos(20) with both nodes and sign changes.
The tunnel current in an STM does not depend on the in-plane angle
of kt, but only on the magnitude of fc¿. When tunneling to a superconductor we therefore have no way to select a certain direction. The tunnel
current will therefore just be an average of the I-V curves over all possible
transverse wave vectors. When there are many transverse wave vectors in
a certain direction φ, then this direction φ will give a larger contribution to
the tunnel current. This happens, for example, when the dispersion of the
band structure in the transverse direction is flat due to the presence of a
van-Hove singularity.
To get an idea of the influence of another symmetry of the gap function
on the tunnel current, we have shown I-V curves for two different symmetries
in figure 1.2. Note that the tunnel current only depends on Δ 2 and therefore
does not depend on the sign of Δ. All angles are weighted with the same
weight, whether that is correct depends on the actual shape of the Fermi
surface. In section 4.6.1 we explicitly introduce such a weighting due to the
shape of the Fermi surface.

1.3

Proximity effect

When a superconductor is covered by a thin, nonsuperconducting metallic
layer, the properties of this thin layer will be changed due to the pres
ence/proximity of the superconductor; this is called the proximity effect.
Tunneling spectroscopy on such layers can give information on these changes.
The systems which are described in this section are double layers where
a superconductor is covered by a thin normal metal layer of thickness d^.
The changes in the properties of the superconductor will be small when the

7

Theory

8

g

я
υ

s-wave
d-wave

4

? 3

о
и
•о
от ¿
я
Ё
о 1

-200

-100

0

100

200

Sample voltage [mV]

Figure 1.2: The standard spectrum according to isotropic s-wave
gap, A(k) = Δο ( Δ 0 = 35 meV) and d-wave gap A(k) = Δ 0 cos(2<j>)
Note that an extended s-wave Δ(λ,) — Aç,\ cos(20)| produces the same
spectrum as the d-wave

normal metal layer is thin compared to the thickness of the superconductor
and the coherence length Because the normal metal layer is thin we take
the properties, such as the induced gap AN, to be constant throughout the
layer (see figure 1 3)
The existence of the induced pair potential Δ ^ and the step in the pair
potential Δ 5 — Δ ^ at the N-S interface has three effects on the tunneling
spectroscopy below AN no excitations are possible, for energies between
ΔΛΓ and Δ 5 quasi particles in the top layer will form bound states, and at
higher energies quasi particles will reflect from the step in the pair potential
As — AN at the N-S interface causing interference effects
All three effects (the induced pair potential, the bound state and the
oscillations) will be described in the next sections At present there are
two families of theories available to describe the proximity effect In the
dirty limit, one uses a theory based on the Usadel equations as done in
reference [6] Within this theory both position and energy dependence of
the tunnel spectra can be calculated In the clean limit, one can calculate
the tunnel spectra using a Green's function technique when appropriate

9
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N

Δ

S

Ν ι—
d

N

Figure 1.3: The normal metal superconductor interface The nor
mal layer has a thickness d^, an induced pair potential Δ^τ and bound
state energy E0 The pair potential Δ5 at the N-S interface in the
superconductor is assumed to be constant

simplifications are made
Within this thesis we will use the clean limit theory developed by Arnold
in the limit for thin metal layers on top of a superconductor In this limit
we can only calculate the energy dependence of the tunnel conductance not
its position dependence We do not need this position dependence, since an
STM can only probe the tunnel spectra on top of the normal metal layer,
and not inside it In our experiments, the elastic mean free p a t h of the
electrons is limited by the thickness of the layer, therefore the clean limit
is as good and as bad as the dirty limit The theory developed by Arnold,
however, provides an analytical expression for the tunnel conductance and
a clear insight into the processes in the normal layer, in this way we can
easily compare our experiments with theory
1.3.1

I n d u c e d pair potential

The Cooper-pairs in the superconductor are large particles and can stretch
into the normal metal The existence of Cooper pairs in a normal metal in
itself is not enough to induce a pair potential Δ ^ in a normal metal In the
simple BCS theory, the pair potential Δ ( ι ) and the pair density F(x) are
related through the BCS coupling constant V(x) by Δ ( χ ) = V(x)F(x)
[7,
ρ 1010] This would mean that in metals which are not superconductors at
any temperature (V = 0) there would be no pair potential, 1 e Δ^/ = 0
In the simple relation Δ ( χ ) = V(x)F(x),
the coupling constant is local
and instantaneous, however, if this relation were non-local a real pair poten
tial could exist m the normal layer Parks [7, ρ 1010] argues that a local
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interaction is plausible because the direct and phonon-mediated electronelectron interactions are of very short range ( « 1 atomic spacing). In two
other models, the pair potential or pair interaction is non-local: in the
McMillan tunneling model (MTM) the electrons suffer an average pair in
teraction according to the time spent in the normal and superconducting
layer [8]; Arnold [9] describes a model where due to the presence of elastic
isotropic scattering in the normal layer a pair potential is induced in the
normal layer.

1.3.2

The bound state

Electrons in the normal layer with an energy E < Δ5 are confined by a
1-dimensional potential well with depth Δ5 — Δ # . Bound states will form
within this well as first described by de Gennes and Saint-James [10].
A quasi-electron is reflected into a quasi-hole by an Andreev reflection
process. This quasi-hole is then in its turn, after reflection from the NVacuum interface, again Andreev reflected into a quasi-electron. Due to
the interference between the two quasi-electrons a bound state will appear.
The number of bound states M is given by M = 1 + [RAs/π] where R
is a measure for the normal layer thickness R = 2d^Z]^/hvp (the electron
renormalization parameter Zyy is about 1). The energy of the bound state
is given by the accumulated phase difference of the quasi-particle along its
path; electrons tunneling with an angle θ to the normal will have an effective
larger path length djv/ cos θ in the normal layer. For the thin layers described
in this thesis, only one bound state exists with an energy Eo(cos6). The
energy of the bound state for RA$ -C 1 is given by

Е0(соз ) = Δ5[1 - h—.n^s

- AJV)2].

(1.11)

2 cos b
The effect of such a bound state is that there will be no states between Αχ
and EQ{\) for electrons tunneling perpendicular to the interface (Θ = 0).
For thin normal layers, R -» 0, the energy of the bound states approaches
Δ5. Under experimental conditions, temperature broadening will obscure
the difference between a bound state EQ(1) and a real superconducting gap
at Δ 5 .
1.3.3

Oscillations above Δ 5

Electrons in the normal layer at an energy Ε > Δ/ν, Δ s will be reflected from
the potential step, Δ5 — ΔΛΓ, at the N-S interface. This causes oscillations

1.3 P r o x i m i t y effect
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Figure 1.4: There are two types of oscillations at energies above AsOne, with a path length 2d, by interaction of a quasi-electron and a
quasi-hole via pair potential Δ/ν· The other, with a path length Ad,
by interference between two quasi-particles of the same type.

of the tunneling density of states as function of energy. There are two types
of oscillations, each with a different period.
The first is the interference between a quasi-electron and a quasi-hole,
the quasi-electron is reflected from the Δ 5 — Δ/ν potential step into a quasihole; the two interact via Ддг. Resulting in a small oscillation in the density
of states propotional to the pair potential Δ/y. The period of the oscillation
is HvF/2dZN
-R-1.
The second oscillation is the interference between two quasi-electrons
without need of Δ/ν but with two reflections at the Δ 5 — Δ/ν potential step.
At the first reflection a quasi-electron is reflected into a quasi-hole, which
then reflects at the tunneling barrier, and then reflects back into a quasielectron at the Δ 5 - Δ/ν potential step. The effective p a t h length is 4d and
two reflections at the N-S interface are needed. The resulting oscillation in
the density of states will therefore have a period hvp/4.dZ^ = R~l/2.

1.3.4

Numerical model of NINS junction

All effects (the induced gap, the bound state and the oscillations) are in
cluded in the expressions below [11, 12]:
( (E/nN)[iF(E)cos(AKd)
t[

'

J m

V

cos{AKd)

+ sinjAKd)}
- iF{E)

sin(AKd)

+

iANG(E)\
J'
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where

nSiN

= (£2 - Δΐ^)1'2,

(1.14)

_ ^

( M 5 )

and
AKd = mN.

(1.16)

In principle, Aj^(E) and As{E) should be solved self-consistently as
described by Arnold [11]. In the limit of thin normal layers, RA <S 1, and
weak coupling the suppressed gap of the superconductor at the N-S interface,
As, and the induced gap in the normal layer, Δ;ν, will be given by

*>~*fr¿¿?
Δ* = Δ#,

(L17)
(1.18)

where Δ^ and Δ ^ are the unperturbed pair potentials as present in the
bulk. So within this approximation, only the pair potential in the super
conductor is suppressed by the presence of the normal layer, but there is no
induced pair potential in the normal layer.
In figure 1.5 we have shown some NINS spectra calculated using eq. 1.12.
The reduction of the gap width with increasing normal layer thickness is clear
and is completly determined by equation 1.17. Further, we should note that
the conductance of a NINS junction with a normal layer of 50 nm can no
longer be fitted by a NIS spectrum. However, in the limit of thin normal
metal layers the NIS and NINS spectra are indentical: the NIS spectrum
(not shown in figure) in case of a 2 nm normal metal layer is identical to
the NINS spectrum if we include the small reduction of the gap in the NIS
spectrum according to eq. 1.17.

1.4

Charging: the coulomb blockade

In everyday life and in the description of the tunneling process in an STM we
can regard current as a continuous flow of electrons. But as the dimensions
of the object under study become smaller, we enter the regime where we
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Figure 1.5: Calculated NINS spectra on a superconductor with Δ =
1.4 meV at Τ = 1.3 К and various normal layer thicknesses (2, 20,
50 nm). We have chosen the Fermi velocity in the normal layer to be
that of silver, v¡ = 1.39 • IO6 m/s. It is clear that the 50 nm curve
can not be fitted with a NIS spectrum: the BCS peak of the NINS
spectrum is higher than that of the NIS spectrum. The reduction of
the gap width in the NINS spectra is determined by equation 1.17.
Parameters NIS spectrum: Δ = 0.9 meV, Τ = 1.3 К.

need to consider the current as a discrete flow of electrons. In this section,
we will discuss the phenomena t h a t occur when the size of the junction, and
thereby the capacitance, becomes so small t h a t the discreteness of electrons
has to be considered.
1.4.1

C h a r g i n g in c u r r e n t b i a s e d j u n c t i o n

Assume we have a perfect current source connected to a tunnel-junction with
capacitance С as depicted in figure 1.6. The current I will continuously
increase the charge Q on the capacitor. This can be done continuously
because Q is a polarization charge on the capacitor's surface. The tunneling
of one electron will decrease this polarization charge discretely by exactly
one electron charge. Due to the small capacitance, this charge change will
have a large effect on the energy E = Q2/2C stored on the capacitor. The
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C,R

Figure 1.6: An ideal current source connected to a tunnel junction
with capacitance С will have a Coulomb blockade and could have SET
oscillations, when temperature k\,T < e2/2C

energy change due to the tunneling of one electron is

AE

(Q±e)2

Q2

2C

2C

= ± V e +

2C

;ii9)

This energy change is positive when |V| < e/2C Therefore at low temper
atures, k^T < e2/2C, tunneling is not allowed for voltages |V| < e/2C, this
is called the Coulomb blockade
The charge and voltage on the junction will continuously increase due
to the supplied current Whenever the voltage exceeds the threshold e/2C
one electron is allowed to tunnel and the voltage over the junction drops
discretely by e/C
So the presence of charging in such a current biased
junction produces voltage fluctuations of the order of e/C
The actual tunneling, when the voltage exceeds the threshold, is a stochas
tic process If, however, the time it takes to re-charge the junction is much
larger than the time the electron needs to wait before it tunnels, then the
tunnel events are correlated in time, giving a periodic modulation of the
voltage over the junction with frequency ƒ = I/e
These oscillations are
called SET-oscillations [13-15]

M o n t e Carlo p r o g r a m To calculate the disturbance of the I-V characteristic due to charging of a current biased junction we used a Monte Carlo
simulation program In this program, the continuous charging due to the
current and the subsequent discrete de-chargmg by tunneling is simulated
The applied current I will increase the charge on the capacitor continuously by I dt, where dt is a small time interval (*1*) The program then
calculates the probability that one electron would tunnel to the left or to the

1.4 Charging: the coulomb blockade

15

Starting values
Q =0
Vsum = 0
Repeat NMAX times
Q = Q + Idt
I = IjuniQ/C - e/2C)dt/e
r = -Ioun{Q/C + e/2C)dt/e
if (I > 0) & (I > randomO)
Q = Q-e
if (r > 0) & (r > randomO)
Q = Q +e
Vsum = Vsum + Q/C

(*1*)
(*2*)
(*3*)
(*3*)
(*4*)

Result
avg.voltage = Vsum/NMAX

right 2 (*2*). A random number between 0 and 1 is then used to determine
if a tunnel event actually takes place in this time interval (*3*). If so, the
charge on the capacitor is adjusted. After each charging step, the voltage
over the junction V = Q/C is noted so that we can calculate the average
voltage over the junction (*4*).
In this program we can calculate the disturbed I-V characteristic due
to charging of any kind of junction. We just have to include the correct
I-V characteristic, /jU7i(V), for the undisturbed junction. In figure 1.7 we
have shown the disturbed I-V characteristic due to charging of a tunnel
junction between two metals, i.e. IJun(V) = V/Rjun- The asymptote of the
I-V characteristic is shifted by e/2C and some broadening due to voltage
fluctuations is visible at low voltage.

2

Within this program we have to be sure that the tunnel process remains a stochastic
process, therefore the tunnel probabilities must be kept small, i.e. Ι,τ <C 1. This is done
by choosing the time interval dt <^ e/Imax, for example dt = 0.01 · e/Imax. We also
have to average over a time interval long enough for the voltage fluctuations of e/C due
to tunneling become insignificant, so (I/e) • NMAX · di 3> 1. NMAX has a upper limit
due to limited numeric accuracy of Vsum, limiting the choice of dt
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Figure 1.7: The I-V characteristic of an ideal current biased tunnel
junction with capacitance С = 4 · I O - 1 7 F and resistance R = 10° Ω.
The average voltage on the junction is plotted against the applied
current.

1.4.2

C h a r g i n g in v o l t a g e b i a s e d s i t u a t i o n

The situation described above is an idealized situation. In an actual STM we
do not have a perfect current source and the capacitance will likely have large
stray capacitances from the leads. Most STMs are operated by measuring
the current at a constant applied voltage. When the small capacitance is
connected to a voltage source, the charge change caused by the tunneling
of an electron will be compensated by the voltage source so to keep the
charge constant Q = CV; the voltage source supplies the needed energy for
the electron to tunnel and thereby removes the Coulomb blockade. A large
stray capacitance has the same effect; it will compensate the charge changes.
So in what way can the Coulomb blockade be of influence in a real
STM experiment? We need some kind of mechanism to decouple the small
junction capacitance from its surroundings. One way is to use a double
tunnel junction as is described in [15, 16]; the second tunnel junction here
decouples the first junction from its surroundings.
Another way to decouple the surroundings is a large series impedance,
Zs, near the capacitance (see figure 1.8). The actual physical argument
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Figure 1.8: A series impedance Ζ¡(ω) is introduced to decouple the
small junction capacitance from the stray capacitance and the voltage
source.

whether such a series impedance provides the right decoupling is difficult to
understand. In the next paragraph we will make a conceptual argument as to
why a series resistance will do the job. But for more theoretical background
we refer to Smokers' thesis [15] and references therein.
When a series resistance is placed near the junction it converts the
voltage source and stray capacitances into a current source. The current
flowing to the junction is limited by the resistor. The charge fluctua
tions caused by the tunneling electrons can therefore not be compensated
quickly enough: the Coulomb blockade still exists. The actual value of
the series resistance needed is disputable (see Smokers [15]). But values
RQ < ZS(LJ) < R T are suggested as feasible. The lower limit is the quantum
resistance RQ = nh/2e2 ~ 6.5kQ.
In some theoretical descriptions, the charging of a capacitor and the
resulting apparent energy loss (e 2 /2C) of the tunneling electron is described
as an inelastic excitation [15, 17]. In this description, it is the probability of
generating an inelastic excitation of energy which produces both the shift
of the asymptotes and the voltage fluctuations. According to Falci [17] the
voltage fluctuations are largest when a series impedance is used of the order
of .RQ.
In actual STM experiments it is often difficult to pin point the capaci
tance С and the series resistance Ζ ¡(ω). Measurements, however, indi-ate
that these kind of charging effects are sometimes present, see Smokers [15]
and the references therein [18-21].

1.4.3

Charging in NIS junctions

As we have seen charging (if present) has two effects: (1) it shifts the asymp
totes of an I-V characteristic by e/2C and (2) produces fluctuations of the
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Figure 1.9: The I-V characteristic of a NIS junction with charging
present. Parameters used: C3 = 0.08 aF, е/2С3 = 1 mV, RJU„ = 109
Ω, Δ = 1 meV.

voltage across the barrier. The effect of the voltage fluctuations is best seen
in an I-V characteristic with some structure, such as the I-V characteristic
of an NIS junction.
In figure 1.9 we have shown the effect of the presence of charging on
the conductance spectra of a NIS junction as calculated with the Monte
Carlo simulation described in section 1.4.1. In this case the undisturbed I-V
characteristic of the junction is given by ІзипіУ)
= Ке-^Де ) 2 — Δ 2 . As
soon as the charging energy becomes comparable with the gap energy we
see a large reduction of the BCS conductance peak.
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Chapter 2

Experimental
Almost all measurements described in this thesis were made using the low
temperature scanning tunneling microscope (LT-STM) designed by J. Wildöer
and A. v. Roij. In the following sections we will describe the properties of
the STM and of the electronics controlling the STM which made the research
presented in this thesis possible.

2.1

Description of t h e LT-STM

The STM used is originally designed for measurements at temperatures below 1 kelvin in a dilution refrigerator [1]. As it turned out the STM was
also very well suited for measurements in a regular 4He cryostat. Currently,
the same design is being implemented in an UHV system connected to a
4
He cryostat. A more thorough description of the design of the STM can be
found in the references [1, 2]. In this section we will describe the operational
properties and limitations of this STM.
The STM consists of two concentric piezo elements connected on top of
a sample block. The inner piezo is connected via leaf springs to the outer
piezo. In this way the outer piezo element can be used to move the inner
piezo up and down by an inertial slider mechanism. The inner piezo is used
for the x, y and ζ movement while scanning. The scan range depends on
the actual dimensions of the scan tube. Using our 'long' scan tube we had
a scan range of 3x3 μπι in xy-direction and 650 nm in z-direction at 4.2 K;
at 300 К the xy-range is 4 times larger due to the temperature dependence
of the piezo expansion coefficients.
In the present configuration the STM is connected to an insert which fits
both in a stainless steel cryostat with a 10 Τ magnet [3] and a glass cryostat
21
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Figure 2.1: STM for low temperature measurements. The STM is
mounted in a vacuum pot, in this way the sample is in a protective
atmosphere during cooling. In the sample area, below the tip, there
is enough space for any cleaving mechanism.

with a 3.5 Τ magnet. The insert, together with the STM, can be evacuated
and flushed with pure He from a LHe supply vessel to remove most of the
air and moisture. In this way the insert with STM could be inserted, after
pre-cooling with LN2, directly into the LHe filled cryostat allowing a short
turn around time.
The STM designed with this inertial slider provided us with the possi
bility to move the scan tube up and down over a distance as large as 6 mm
giving enough space for any cleaving mechanism, see section 2.2. Although
the STM is made from originally non magnetic materials (RVS [4], piezo
material [5]) some slightly magnetic material is probably included some
where in the moving parts of the inertial slider. This is probably causing

2.2 Clean surfaces by cleaving the crystals
the inertial slider to stop moving at fields above 1 T. The STM continous
to operate, however, to fields of at least 4 T.
The magnetic field influences the tip sample distance. Due to some
magnetostriction in the STM the tip-sample distance decreases as much as
500 nm at a field of 3.5 T. The total z-range of the longest scan unit is only
650 nm, so operation at higher fields requires a pre-retraction of the tip.
The shift in x,y-plane due to such a magnetic field was less than 100 nm.
Within the cryostat the temperature could be lowered to 1.3 kelvin by
lowering the pressure above the He bath using a set of booster and rotary
pumps. The temperature of the sample could be raised above 4.2 К by resis
tive heating of the copper sample holder. In the same way as the magnetic
field, heating of the sample decreases the tip-sample distance; heating to
45 К decreased the tip-sample distance by 600 nm, the total z-range of the
longest scan unit, and the shift in x,y-direction was of the order of 100 nm.
Although the sample temperature could be raised to 45 K, the tip and other
parts of the STM are still at 4.2 K, this limits the use to field cooling of
low-Tc superconductors.
To protect the STM against vibrations, the cryostats are damped by
springs or air dampers, and the insert is connected via a double O-ring
construction to the top of the cryostat [1, 6]. In the present setup vibrations
generated by the boiling LN2 and LHe are the largest source of vibration 1 .
A special mechanical feed-thru was introduced in the insert which en
abled us to apply traction to objects using a copper wire attached to a
rotary drive at the top of the insert. This simple but essential ingredient
made different cleaving procedures possible (see section 2.2).
To summarize, the LT-STM is capable of high quality measurements
[7-9] at temperatures 1.3 ... 4.2 К at fields up to 4 Τ (also at 300 К without
the magnetic field) and provided enough room near the sample to install a
sample cleaving mechanism.

2.2

Clean surfaces by cleaving the crystals

A general problem with STM is the surface quality of the samples. Although
the surface sensitivity of the STM is a very powerful property, it also has its
drawbacks. A non conductive oxide layer larger than the typical tip sample
distance of 1 nm will damage the tip and will prohibit free movement of the
Currently, the vibrations from boiling LN 2 are greatly reduced. This is done by reduc
ing the pressure above the boiling LN2 with a rotary pump before doing the experiment.
The LN2 vibrations will remain low even when pressure above LN2 rises again.
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tip along the surface. Almost all superconductors and semi-conductors will
develop an oxide layer when exposed to air. We therefore need a way to
produce clean and well defined surfaces.
One possible solution to this problem could be to combine a low tempera
ture STM with a UHV system. All surface preparation and characterization
can then be done in UHV using all widely available tools.
The procedure we used, which is sometimes even better than UHV, is
to cleave our samples at liquid helium temperature (T < 4.2 K) in a helium
gas atmosphere. At these temperatures all gases (except He and H2) will be
condensed on the walls of the STM. The partial pressure at 4.2 К of H2 is
better t h a n 10~ 7 torr and of all other gases is better t h a n 10~ 1 5 torr. The
presence of He or H2 on the surface is thought not to be of any influence 2 .
Gases leaking into our insert during the experiment will condense somewhere
on the cold wall of our insert before reaching the sample. For this reason,
the uppermost part of our LT-STM insert does not have to be UHV tight.
To cleave the crystals we pursued two possibilities, breaking the crystal
by pressing against it or tearing of part of the crystal by pulling on a wire
glued onto the crystal.
Sample
Glue
Sample holder

Figure 2.2: Two ways of cleaving a crystal; breaking the crystal by
pressing against it or tearing of part of the crystal by pulling on a
wire.
2

Recent experiments however show that He does have an effect on the tunnel current
in break junctions [10]. The influence of the presence of He has not yet been seen in STM
experiments.

2.3 Design considerations for the I-V converter
The 'crystal breaking' method is best for crystalline materials which
have a preferential cleaving direction. An example of such a material is
GaAs which cleaves easily along the (110) direction. Experiments on cleaved
GaAs(llO) were done in this way by v.d. Wielen in our group [8]. He
demonstrated that no surface degradation was visible with STM even one
week after cleaving the surface.
The 'tear off' method is best for layered materials such as NbSe2, graphite
(HOPG) and ВІ2212. For example, the ВІ2212 measurements presented in
chapter 4 are made in this way. At room temperature one often uses scotch
tape to remove layers from the crystal. But scotch tape can not be used
at low temperature: it will break when pulled on and will lose its sticking
property. Therefore, we used a bunch of very tiny and flexible wires glued
to the crystal. The thin wires were prepared by etching 3 the copper from
a superconducting wire [11], leaving 500 tiny NbTi wires. These were then
glued onto the crystal using diluted GE-varnish [12].

2.3

Design considerations for t h e I-V converter

In the experiments described in the following chapters used the STM not
only as a tool to image surfaces with atomic resolution but also for its
spectroscopic capability. An STM, for example, is capable of measuring the
excitation spectra of quasi-particles in a superconductor.
To measure an excitation spectrum the scanning is halted and the feed
back loop, which normally regulates the tip-sample distance, is disabled. In
this way the tip is held at a certain position above the sample. The excitation
spectrum is then determined by measuring the tunnel current for different
voltages applied to the junction. The resulting spectra are broadened by
temperature but also by any noise present on the applied voltage.
The I-V converter we use has a fairly standard design (see figure 2.3), but
within its 300 Hz bandwidth it has a noise which is only determined by the
Johnson noise of the feedback resistor RM- The Johnson noise of a resistor
RM at temperature Τ in a bandwidth В is given by vjn =
^4k^TRuB
Using a feedback resistor RM of 100 ΜΩ results in a noise within the 300 Hz
bandwidth of 22 μ4ΓΤη3 corresponding to 0.22 p A r m s . The noise generated
by the op-amp itself is only 9 fArTOS at this bandwidth, mainly governed by
the current noise of the op-amp.
It is worthwhile to know why the I-V converter is designed in this way.
In principle the bandwidth of the I-V converter is given by the unity gain
3

etchant HNO3 (98%) and H 2 0 (1-1)
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R,

Figure 2.3: Schematic diagram of the I-V converter. At the input
side the circuit equivalent diagram of the STM is drawn, consisting of
the resistance of the tunnel junction Rs and the capacitance of the
cable Cf.
bandwidth of the op-amp or the parallel capacitance 4 of the feedback resistor
RM, whichever is smaller.
We have to limit the bandwidth however due to a phenomenon called gain
peaking, caused by the capacitance of the cable connecting the tip to the I-V
converter. Apart from converting current to voltage, the op-amp will also
amplify its own noise by a factor (ZM+ZS)/ZS,
where Z5 =
Rs/(l+jujRsCt)
is the impedance of the tip and cables and ZM = RM/(1 + 3<¿>RMCM) is
the effective impedance of the feedback resistor. At low frequency Zs is
determined by the tunnel resistance (sa I O 7 . . . 10 9 Ω). So as long as RM <
Rs amplification of input noise is negligible at low frequency. At higher
frequencies the capacitance of the tip cable C¿ lowers the effective source
impedance and thereby increases the input noise amplification. We can now
calculate at which frequency / g p the noise, due to this gain peaking, becomes
larger than the Johnson noise of RM- The capacitance of the tip cable Ct is
approximately 200 pF, input voltage noise of OP-111 is 10 nV/-\/Hz, Johnson
noise from RM is 1.3 μ Υ / ν Η ζ .
1.3/iV 1
/gp

—

lOnV Ък

1
CtRM

1 kHz.

To circumvent the noise increase due to gain peaking we limit the bandwidth
of the I-V converter by a small capacitance См ~ 6 p F over the feedback
4

The intrinsic capacitance of the feedback resistor will limit the bandwidth if no exter
nal parallel capacitance is used.

2.4 T h e v o l t a g e noise in t h e j u n c t i o n
resistor, this limits the signal bandwidth to / 3 ^ — 1/2-KRMCM
~ 300 Hz.
As is seen here, it is advantageous to use a really low noise op-amp because
in this way the onset of gain peaking can be postponed to higher frequencies.
Limiting the signal bandwidth of the I-V converter to 300 Hz does not
mean that the bandwidth of the tip sample distance regulating circuit will
also be limited to 300 Hz. The bandwidth of the regulator is determined by
the total open loop gain of the system, not only the gain of the I-V converter.
To conclude, a 100 ΜΩ resistor, an OP-111 and a bandwidth of 300 Hz
gives an I-V converter limited by the Johnson noise only. A 300 Hz band
width does not give severe restrictions during measurements. So at the
moment this I-V converter is satisfactory.
If one would like to improve the noise further, one should cool RM to
low temperatures. And preferably close to the junction as to reduce the
cable capacitance. Such a low temperature I-V converter was designed by
J. Wildöer [2].

2.4

T h e voltage noise in t h e j u n c t i o n

Although it is advantageous to have an I-V converter with low noise, it
is not the noise in the measured current which limits the resolution. To
reduce the effect of the noise in the current one can always average over
several measurements thereby increasing the signal to noise ratio. The real
limitation of the spectroscopic resolution is the noise present in the voltage
across the tunnel junction.
It is difficult to measure the voltage noise present at the junction. Connecting an extra wire can easily influence the noise. A practical way to
determine the noise present in a LT-STM under real operating conditions is
to measure the excitation spectrum of a superconductor. The noise present
at the junction can then be extracted from the broadening of the measured
spectra.
Measurements by Hess [13] showed that the excitation spectra of NbSe2
as measured with an STM follow the theoretical BCS model prediction, ,niy
broadened by temperature. The NbSe2 is also a good test sample because
one can easily obtain clean and atomically flat surfaces by cleaving the
material. We therefore chose this material as a test sample to determine
and hence improve the voltage resolution.
In figure 2.4 a measurement of the excitation spectrum of NbSe2 is shown.
In the same figure the BCS theoretical curve is seen broadened only by
temperature. The measurement is clearly more broadened. Introducing a
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Figure 2.4: Measurement of the excitation spectrum on NbSe2 at
1.3 K. The measurement is clearly more broadened than the BCS
model theoretical prediction broadened by temperature only (Δ =
1 12 meV). The measurement only fits the model after inclusion of a
0 5 mV Gaussian voltage noise on the junction

Gaussian voltage noise of 0.5 mV in the model calculation produces a curve
which fits the measurement very well. The actual value for the voltage
noise that we have to include changes from day to day between values of
0.3 mV to 0 7 mV; these values can only be reached by careful shielding of
the signals. We suspect that rf-radiation entering our electronics is causing
the fluctuations.
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Chapter 3

P r o x i m i t y effect
Metals in close proximity to a superconductor will be affected by the coherence of the electrons in the superconductor; this is called the proximity
effect. This effect can be used to investigate the properties of superconductors indirectly by the proximity induced effects in a thin metallic layer. The
metallic layer protects the surface from degradation. This method is used
to investigate superconductors which would otherwise oxidize in air.
In this chapter we studied the superconductors lead and niobium using
the proximity effect. A magnetic field is applied perpendicular to the layers
to induce local changes in the order parameter; for example within type
II superconductors the magnetic field penetrates in the form of quantized
vortices giving a local suppression of the order parameter.

3.1

S T M as a high field probe for vortices

In this chapter we induce changes in the order parameter by applying a magnetic field. Depending on their behavior in magnetic field we can categorize
superconductors into two types.
The so called type I superconductors will generate screening currents to
expel the magnetic field. This screening is perfect up to a certain cri' ical
value, Hc, of the applied field; above this field the superconductor will become normal. The other type of superconductor, called type II, will also
generate screening currents to expel the magnetic field, but this screening is
only perfect up to a critical field ffci, while the superconductivity persists
up to a much higher critical field H¿i.
Between the fields Hc\ and Hci the magnetic field will penetrate the superconductor in small bundles, called vortices. Each vortex carries a quan31
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tum of magnetic flux φο = h/2e = 2.07 · 10~ 15 Tm 2 . The superconductor
has turned into the normal state at the center of the vortex, but is still in
the superconducting state in between the vortices. This state is called the
mixed or vortex state.
Whether a superconductor is a type I or type II superconductor depends
on the ratio of the penetration depth λ to the coherence length ξ. The
superconductor will be of type II when κ = λ/ξ > l/\/2, and of type
I otherwise. Most pure elemental superconductors are of type I (except
niobium and vanadium), whereas most alloys and compounds are of type II.
The critical field of type I superconductors is relatively low; at about 0.1
tesla all superconductivity has vanished, whereas some type II superconduc
tors remain superconducting up to fields of 20 tesla (the upper critical field
of some high-T c materials is even above 100 tesla).
In the vortex state, the vortices will try to arrange themselves in a trian
gular lattice. Local variations in the superconducting properties can attract
or repel a vortex, thereby pinning the vortex to a certain position. The
presence of many of these pinning sites can result in a pinning of the com
plete vortex lattice. Without the pinning, the movement of vortices due to
applied current will dissipate energy. Pinning of vortices is therefore crucial
for non-dissipative current transport in magnetic fields.
Many practical applications are at fields above 1 Τ and therefore require
the use of type II superconductors. In these superconductors the flux lattice
needs to be pinned in order to prevent dissipation. In order to be able to
investigate the pinning it would be nice if one could image the positions
of the vortices in the superconductor together with the structure of the
superconductor. An STM can do this; it can determine both the topography
of the surface and the position of the normal core of the vortices.
There are also other techniques that can image the vortices, but they
image the magnetic field induced by the vortex. The size of the magnetic
field surrounding the vortex is given by λ, the penetration depth. Imaging
of single vortices is only possible when the magnetic field distortions do not
overlap. The imaging is therefore limited to fields below 0ο/4πλ 2 [1]. The
STM images the superconducting order parameter which varies on the scale
of the coherence length ξ. Imaging is therefore in principle possible up to the
upper critical field Я с 2 = φο/4πξ2. Our signal is however also proportional
to the magnitude of the order parameter Δ. Consequently is the imaging of
vortices only limited by the ability to measure the order parameter Δ.
So imaging the order parameter, as is done with STM, opens up the range
from </>ο/4πλ2 up to almost # C 2· This is specially important in hard type-II
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superconductors (к ~3> 1), such as the high-T c superconductors, which have
λ »ξ.

3.2

Experiments on lead

Lead is a type I superconductor (λ — 44 nm [2, p. 174], £o,.BCS = 83 n m [3],
•Vf о < l / v ^ ) · A magnetic field does not produce local variations in the
order parameter in bulk type I superconductors. A foil of a type I super
conductor, however, does produce local variations in the order parameter
in a magnetic field; this is called the intermediate state. Upon applying
a magnetic field the film will split up into a laminar structure of alternat
ing superconducting and normal phases; with increasing field the width and
number of the normal phases will increase at the cost of the superconducting
phases. The typical width of the lamina depends on the applied field Η, film
thickness L and coherence length ξ; at Η = \HC the width of both normal
and superconducting phase laminae is equal and about (ÇL) 1 / 2 [4, p.323].
A film of any superconductor with a thickness of the order of the coherence length often behaves as a type II superconductor. The transition of
thin films into a type II superconductor is caused by two effects. First, the
change in surface to volume ratio for very thin films reduces the influence
of the (positive) interface energy (between the normal and superconducting
phases) in type I superconductors. Secondly, the mean free path will be reduced due to the grain boundaries and film surface scattering present in thin
films: a short mean free path decreases ξ and increases A, consequently the
ratio Χ/ξ will eventually become larger t h a n 1/·\/2. In general, any type I
superconductor can be converted into a type II superconductor by reducing
the mean free path.
The mean free p a t h of lead can be reduced not only by decreasing film
thickness but also by including impurities. In the experiments described
below we used Bi impurities to reduce the mean free path. Alloying with
Bi does not degrade the superconducting properties: the transition temper
ature is even slightly higher then pure lead ( T ^ P b i - x B i x ) = 7.2.. .8.7 K,
T c ( P b ) = 7 . 2 К [5]).
In the next sections, we will describe the preparation of the lead films
and the resulting surface structure. After that, the STM experiments are
described in which we study the result of a magnetic field as seen using the
proximity effect.
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3.2.1

Sample preparation

The samples studied with STM consist of a thin Pb layer (50, 100 or 400
nm) optionally covered by a thin silver layer (20 nm). We have chosen silver
as a protecting normal metal layer because 1) there is hardly any mixing
between the lead and silver [6] and 2) the combination of lead and silver has
proven to give reliable NS junctions in point-contact experiments done in
our group [7].
The samples are made by evaporation of the source material onto glass
slides. The glass slides are ultrasonically cleaned in acetone and propan-2ol. The slides and source material were mounted in a Seavom evaporator,
where there was a final cleaning phase using a N2 glow discharge. After
this, the bell jar is pumped down to 1 · 1 0 - 6 torr. The lead (purity 5N
[8]) is evaporated from a tungsten crucible at 4.0 nm/s at a pressure of
3 • 10~6 torr. Optionally, the silver (purity 4N [9]) is evaporated from a
tungsten crucible at 0.8 nm/s at a pressure of 5 · 10~6 torr within 10 minutes
after the lead evaporation.
The lead-bismuth alloys, with reduced mean free path, are evaporated
at 5 nm/s at a pressure of 4 · 1 0 - 6 torr. Due to the difference in evapora
tion rate between lead and bismuth the actual composition arriving on the
substrate will be different from the starting composition in the crucible. To
get a rough estimate of the film composition, we used the model described
by Chopra [10]. In this model the film composition Pbi_ x Bix is related to
the starting composition P b i _ a B i a by
χ __ a
p(Bi) /M(Pb)
a
1 - χ ~ 1 - a ' p(Pb) V Af(Bi) ~ 1 - α '
Here, ρ is the vapor pressure and M the mass of the source materials.
The evaporation temperature is estimated to be about 600°C; the vapor
pressure can then be determined using a vapor pressure chart [11] (p(Bi)
= 9.7· 10" 4 torr, p(Pb) = 5.4· 10~4 torr) 1 . Substituting the numbers, a
starting composition a = 0.065 results in a film composition χ = 0.10 and
α = 0.03 results in χ = 0.05. The alloy of the desired starting composi
tion was made by melting pellets of lead [8] and bismuth [12] in a tungsten
crucible for a few minutes prior to evaporation.
1
Although vapor pressure depends strongly on temperature, the relative vapor pressure
does not Therefore, we only need a rough estimate of the evaporation temperature
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3.2.2

Surface s t r u c t u r e

The AFM and STM measurements on the lead showed t h a t the film consists
of small grains forming a closed coverage of the surface. The typical grains
are 200 to 300 nm wide on a 400 nm thick film. Height variations on the
film are about 20 nm as measured with AFM.
The addition of the 20 nm silver is seen in AFM and STM measurements
as some roughness on top of the lead grains. Sometimes small features of
the order of 20 nm are visible.
The evaporated lead-bismuth layers as seen with AFM also consist of
grains of about 300 nm in size and the height variations on the surface are
in the order of 10 to 20 nm. The tops of the grains tend to be more rounded
in contrast to the lead films where the grains are more flat on top.

3.2.3

Bare lead films

Initially, bare lead films without the protecting silver layer were studied
with STM at low temperature. The lead films were exposed to air for about
1 hour during transport from the evaporator and mounting of the sample
in the STM. The thin oxide layer grown during that time did not prohibit
imaging and spectroscopy studies to be made with STM at low temperature.
On most places of the surface the superconducting gap was clearly visible,
on other places a larger gap like structure was visible which we attribute to
charging of localized states in the lead oxide.
In figure 3.1 we plotted the conductance curve together with a fit for a
NIS junction using BCS weak coupling theory. The gap value used in the
fit is close to the gap of bulk lead Арь = 1.4 meV [5]. There are two major
deviations from the fitted curve: the conductance of the measurement at
high bias (|V| > 15 mV) is too high and it has additional structure between
4 and 20 mV. The higher conductance at high voltage is maybe due to the
presence of the lead oxide on the surface: the oxide could lower the work
function thereby introducing a non-linear background conductance. The ad
ditional structure at lower voltage is due to the strong coupling between the
phonons and the electrons in lead. The strong coupling produces additional
structure in the quasi-particle excitation spectrum [13].
In figure 3.2 we compare the structure in our STM measurement with
the structure as measured in planar tunnel junctions and with the theoret
ical prediction using strong coupling theory [2, p. 146]. The strengths and
positions of the peaks are directly related to the phonon spectrum; low tem
perature STM measurements on lead could therefore be used to study the
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Figure 3.1: Tunneling spectra on a 400 nm lead film at 1.3 K. In
cluded as a reference is a NIS spectrum Δ = 1.24 meV, Τ — 1.3 К,
^noise = 0.6 m V .

relation between local film structure and the phonon spectrum.
Presently, experiments on very thin films with thickness of the order of £o
are cumbersome. The small lead grains of such thin films do not completely
cover the glass; when the STM tip is in between the grains it will crash
into the substrate. Thinner continuous lead films, without gaps between
the grains, could probably be made if one could cool the substrate to LN2
temperature during evaporation.

3.2.4

Silver p r o t e c t e d lead

films

The second stage was to make P b films covered with a protective metal
layer to prevent oxidation. An additional advantage is that the metal layer
also covers the glass between the lead grains of the thinnest films thereby
allowing LT-STM measurements on very thin films.
We performed LT-STM experiments on lead films with a thickness of
50, 100 and 400 nm covered with a 20 nm silver layer. The tunneling at
low temperature on these films is a little troublesome: tunneling at low
voltage and somewhat higher current (V ~ 5 mV, / > 50 pA) was often not
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F i g u r e 3.2: T h e strong coupling imposes an additional structure on
the BCS conductance curve. T h e measurement follows both the strong
coupling theoretical prediction and the older planar junction experi
ments.

possible; this is probably due to a thin oxide layer on top of the silver. The
tunneling was also more unstable; due to the increased noise any influence
of the strong coupling is obscured.
In figure 3.3 we see a typical spectrum as measured on top of the sil
ver covered lead films together with an NIS fit. The NIS fit is a calcu
lated spectrum of an NIS-junction (Δ = 0.75 meV, ^noise = 0-50 mV, and
Τ = 1.3 К). The gap used in the fit is much smaller than the gap of bulk
lead (Ap¿ = 1.4 meV). The size of the gap is also independent of the lead
thickness (or at least less than 0.2 meV difference between the 400 nm and
50 nm film).
The proximity induced gap, of 0.8 meV, is seen on most places of the
surface of the film, but not on all. On some places, mainly on the thinner
areas of the film, the spectrum was reduced in amplitude 2 or even disap2

By decreasing amplitude we mean that the conductance at the BCS peak decreases
and the conductance around zero bias increases, but the width of the gap (as determined
by the distance between the intersection of the conductance curve with the normal state
conductance) remains the same. In other words, the graph is squashed in the y-direction
only
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Figure 3.3: A typical conductance spectrum of a silver protected lead
film (400 nm Pb, 20 nm Ag). NIS: Δ = 0.75 meV, vn0lse = 0.50 mV,
Τ = 1.3 К.
peared completely. Because this occurred mainly in the thinner areas we
believe that these are places where the silver is directly on top of the glass.
When we apply a magnetic field perpendicular to the film, the amplitude
of the conductance curve decreases, as is shown in figure 3.4. The decrease
in amplitude changes not only with field but also changes with position on
the surface. In figure 3.5 this position dependence is depicted; the current
at a low bias, which is proportional to the zero bias conductance, is shown
for different magnetic fields. The typical distance over which the sub-gap
conductance changes is 100 to 200 nm, about the same as the grain size of
the lead.
3.2.5

R e d u c i n g m e a n free p a t h ; a l l o y i n g

Third, we studied lead films where the mean free p a t h is reduced by al
loying with bismuth. The critical temperature, and therefore the gap, of a
lead-bismuth film does not decrease due to the alloying. This is a useful
property, because a large reduction of the gap due to alloying would make
LT-STM experiments difficult due to the limited experimental resolution
(see section 2.4).
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We made two films, one 200 nm РЬояоВіою with a 20 nm Ag, and
one 200 nm Pt>o 95Bio 05 with a 20 nm Au We used gold as protecting layer
because it does not oxidize and might provide a more stable tunneling at low
temperatures t h a n silver Gold, however, can form compounds with lead [6]
and the diffusion speed is high at room temperature. After evaporation, our
samples were at room temperature for about 1 hour, we should therefore
keep in mind possible interdiffusion or compound formation at the PbBi/Au
interface

In figure 3.6 the conductance spectra of both films are shown together
with a NIS calculated curve Again, the observed gap is smaller than the
bulk lead gap. We had to include an unusually high voltage noise (t>n0ise) °f
about 0.7 mV to fit the measured spectra to a NIS spectrum. On the gold
covered sample, the BCS peaks are lower than predicted by a NIS spectrum
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Figure 3.5: The sub-gap current of the same area of a silver protected
lead film (50 nm Pb, 20 nm Ag) at 1.3 kelvin with different applied
magnetic fields. The topography is of the 830 χ 830 nm area is shown
in the upper image; set-point: -10 mV, -50 pA. The sub-gap current
at -1.5 mV is shown in the lower three images; the field is decreasing
from, left to right, 0.052 T, 0.034 Τ to 0.001 T. We expect respectively
17, 11 and 1 vortices to be present when in the vortex state. (Sub-gap
current scale: black -4 pA, white -6 pA).

3.3

Experiments on niobium

Niobium is a type II superconductor 3 , therefore even the bulk material will
form vortices in a magnetic field. The surface of niobium is not stable in
air, so the surface will have to be covered with some protective layer. In this
section we tried several protective layers: tantalum, gold and platinum. The
first is used on sputtered niobium films. The last two are used on evaporated
films. We will first describe the production and structure of the films and
after t h a t we will describe the LT-STM measurements done.

3.3.1

S p u t t e r e d n i o b i u m films

The sputtered niobium films were produced by the Space Research Organi
zation Netherlands (SRON). The films are used by the SRON to build X-ray
3

For pure niobium ξο = 43 nm, λ = 35 nm [14]; resulting in к = λ/ξο = 0.8. In
granular films к will be higher due to the reduced mean free path.
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detectors [15]. Within an X-ray detector, a thin layer on top of the niobium
is used to collect the quasi-particles generated in the niobium by absorption
of a high energy photon (X-ray). The properties of the over-layer and the
roughness of the surface determine the efficiency of the detector. There
fore, we had a combined interest to study the properties of the niobium in
combination with an over-layer.
The niobium films we used consisted of subsequently: an oxidized silicon
wafer, a thin tantalum seed layer, a niobium layer and a protection layer.
The thin t a n t a l u m seed layer (5 nm) is used to prevent a reaction between
the niobium and the S1O2 substrate [16]. The tantalum and niobium are
deposited using dc-magnetron sputtering [17]. The tantalum and niobium
grow epitaxially on top of each other, this ensures a good contact between
the two materials and a minimum increase in surface roughness. T h e power
of the magnetron used during the deposition influenced the roughness of
the layers: decreasing sputtering power from the standard 750 W to 200 W
decreased roughness from 0.7 n m to 0.3 nm [18].
We resolved t h a t SRON's standard cleaning procedure, cleaning in white
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spirit, made it impossible to perform STM topography at low temperature.
Tunneling at room temperature was possible, therefore we suspect it is the
presence of a dirt layer due to the 'cleaning' process which makes imag
ing at low temperature impossible. Next, samples were produced with the
substrate already attached to the STM sample holder. In this way we re
quired no any additional sample cleaning or glueing after production. As
further protection, the samples were transported in a metal box instead of
a plastic container to prevent contamination of the surface by the solvents
from the plastic. STM topography on samples handled in this way showed
reproducible topography at low temperatures.
3.3.2

E v a p o r a t e d niobium films

The evaporated films were produced by evaporating niobium on an oxi
dized silicon substrate in a electron gun evaporator with a base pressure of
1 · 1 0 - 7 torr. Within a few minutes after the evaporation of 100 nm nio
bium a 20 nm gold layer is evaporated without breaking the vacuum. The
substrate was mounted on a copper plate which was kept at 290 К during
evaporation. At room temperature both the formation of alloys and the
occurrence of significant mixing can be excluded with these metals. AFM
measurements of films prepared in the same way but without the gold top
layer showed that the niobium layer consist of small grains of 10 to 15 nm.
The critical temperature of the bilayer was determined to be 7.0 ± 1.0 К and
the residual resistance ratio (RRR) 1.85 [19, 20]. We thank J.W.G. Wildóer
and G.A. de Goeij for preparation of these samples.
3.3.3

P r o x i m i t y induced gap

On the niobium films covered with tantalum or gold we could detect the
change in the conductance spectra due the presence of the niobium. This
is not completely trivial, because platinum covered niobium produced in
a similar way to the gold covered niobium did not show the signature of
superconductivity in the conductance spectra. We will first describe the
tantalum covered films, followed by the gold covered films, both without
magnetic field. After that we will describe the influence of a magnetic field
on these films.
3.3.4

Zero field, t a n t a l u m covered

Tantalum is, in fact, itself a superconductor with a critical temperature of
about 4 К and will therefore show a gap in the conductance spectrum at
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Figure 3.7: Tunneling spectra taken on a tantalum covered nio
bium film (100 nm Nb, 5 nm Та) The NIS fit parameters are
Δ = 1 33 meV, Τ = 1 3 K/4 2 K, vn0iSe = 0 25 mV

low temperature even without the presence of the niobium
In figure 3 7 we have shown the spectra measured on top of a thin tan
talum layer (5 nm) at two temperatures, together with a fit using the BCS
theory At 4 2 K, bulk tantalum will not be superconducting or be super
conducting with a small gap ( Δ Γ α ( 0 ) = 0 65 meV [21], Tc = 4 48 К [22],
Δ ( 4 2 K ) < 1 meV, because the temperature is near the critical tempera
ture) At this temperature, however, a mature gap of Δ ~ 1 3 meV is seen,
which is about the same size as the bulk niobium gap (AM, = 1 56 meV [23])
At 1 3 K, the conductance spectrum sharpens, but only as much as expected
from the reduction in temperature broadening
In figure 3 8 we have shown the spectra as measured on a niobium film
covered with 5 n m and with 50 nm tantalum The reduction of the in
duced gap as the over-layer thickness increases is clear Measurements are
produced under the same circumstances, however made on a different sam
ples, therefore we cannot conclude t h a t the changes are due to increased Та
thickness and not external effects
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Figure 3.8: Conductance spectra on tantalum covered niobium films
(100 nm Nb, 5/50 nm Та) at 1.3 K. The induced gap, according to an
NIS fit, changed from 1.5 meV to 0.9 meV when increasing tantalum
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3.3.5

Z e r o field, g o l d c o v e r e d

In figure 3.9 we have shown the conductance spectra as measured on the
niobium films covered with 20 nm of gold together with a NIS fit. Again the
induced gap, Δ = 0.8 meV, is smaller than the niobium bulk gap 1.56 meV,
even when we correct the gap for the reduced T c of this film (T c « 7.0 K,
Δ K¡ 1.56 * (7.0/9.2) = 1.2 meV).
3.3.6

N i o b i u m in m a g n e t i c

field

Niobium is a type II superconductor, the magnetic field will therefore penetrate in the form of vortices. Within these vortices the order parameter is
locally reduced (order parameter is exactly zero in the center of the vortex).
These local variations, we expect, should be visible via the proximity effect
in the conductance spectra taken on top of the cover layer.
The local variations of the order parameter are studied with a LT-STM
using CITS measurements. The set-point in these measurements is chosen
well above the gap of the niobium at 6 mV and the sub-gap current is
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Figure 3.9: Conductance spectrum of a gold covered niobium film
(100 nra Nb, 20 nm Au) at 4.2 K. NIS: Δ = 0.7 meV, vamse = 0.2 mV.

measured at 0.9 mV.
The CITS measurements show that the proximity induced gap is not
homogeneous over the surface. In figure 3.10 we see at position A an increase
of the sub-gap current of 2.5 pA. The increase at positions В of 1.5 pA is
smaller but detectable. The diameter of these areas is 50 to 100 nm.
When a perpendicular magnetic field is applied to the sample, large
variations of the conductance spectra emerge. The variations are mapped
out by measuring the sub-gap current as a function of position. The black
spots in figure 3.11 represent positions with a high sub-gap current, caused
by the presence of a vortex at that position.
When we look closely to the gap variation in the neighborhood of the
vortex, we see t h a t the gap varies from gold-grain to gold-grain but is con
stant on the grain. The mosaic like variations of the induced gap were first
found and discussed by Wildöer [19].
Figure 3.12 shows the sub-gap current for different magnetic fields. When
we increase the applied magnetic field the number of vortices increases proportionally to the applied field. In an ideal type-II superconductor (without
pinning) the flux lines form a triangular vortex lattice [4]. The vortices in
the niobium-gold bilayers form a very distorted lattice.
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Figure 3.10: Even without applied any applied magnetic field there
are some variations in the sub-gap current. Here a 830 χ 830 nm scan
is shown on a gold covered niobium film (100 nm Nb, 20 nm Au). The
left pane shows the topography (set-point 6.0 mV, 50 pA); the middle
and right pane show the sub-gap current at 1.1 mV without and with
magnetic field.

Figure 3.11: Topography of a 250 χ 250 nm scan on a gold covered
niobium film (100 nm Nb, 20 nm Au) in left pane (set-point 6.0 mV,
50 pA). In right pane the sub-gap current at 1.1 mV.

In figure 3.12 we clearly see t h a t the radius of the vortices decreases
with increasing field. Let us define the radius by the point where the sub-gap
current is halfway between the highest current (the dark part at the center of
the vortex) and the lowest current (at the light part in between the vortices).
Using this definition of the radius we can also determine the radius directly
from the gray-scale images. The radius of the vortices becomes smaller when
the magnetic field is increased. The radius τ φ decreases from τ φ = 40 ± 8 nm
at В = 0.0172 Τ to τφ = 15 ± 8 nm at В = 0.218 Τ, the decrease will be
discussed in section 3.4.
The lattice is distorted at all fields. Normally at higher fields the repul
sive forces between the fluxes overcome the pinning forces as the distance
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Figure 3.12: Images of the vortices on a gold covered niobium film
(100 nm Nb, 20 nm Au) using the STM at low temperature. The
sub-gap current is measured at 1.1 mV and set-point was at 6.0 mV,
50 pA. Scan area: 830 χ 830 nm.
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between the vortices becomes smaller.

3.4

Discussion of experiments

In the experiments described above, we were able to study a superconductor
indirectly via the proximity effect. However, the measured conductance
spectra on top of the normal metal are not the same as the conductance
spectra of the uncovered superconductor. For example: the gap is smaller
than the gap expected from the underlying superconductor4; and the shape
of the spectra of Nb/Au and PbBi/Au cannot be fitted by a broadened
spectrum of a NIS-junction.
The proximity effect and the resulting conductance spectra have already
been extensively studied using planar junctions [23-26]. The energy resolution that can be obtained in planar junctions is much higher than the
resolution we obtained with STM. Using planar junctions, the resolution
is limited by the temperature of the junction. In the STM configuration,
the voltage resolution seems to be limited to a few tenths of 1 mV (see section 2.4) and the noise in the measured currents is limited by the stability
of the junction. Due to this limited resolution we cannot resolve all these
small structures in the conductance spectra as seen and predicted in planar
proximity effect junctions. However, the STM does give us the possibility
to spatially resolve changes in the conductance spectra.
Proximity induced spectra
The relation between induced gap and the thickness of both superconducting
and normal layer has already been studied using planar junctions. On thick
lead films (thickness much larger than the coherence length) the induced
gap on 30 nm copper is about 0.8 meV [24-26] and the gap on 30 nm silver
is about 0.72 meV [27]. The induced gap depends on the thickness of both
layers, the material parameters of the layers and the interface scattering.
In figure 3.13 we have shown the measurements for the different material
combinations together with a calculation of the spectra as expected from
the NINS model (see section 1.3.4). The calculated spectra depend on the
thickness of the normal layer, the Fermi velocity in the normal layer, and the
bulk pair potentials in both layers. The NINS spectra are only broadened
4

The gap as determined by fitting the measured conductance to a NIS junction conductance spectrum using weak coupling BCS theory.
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Figure 3.13: Shown are the STM measurements (solid lines) on *Ъе
different superconductors together with the calculated NINS spectra
(dashed lines). The calculated spectra have a higher amplitude. The
dotted line (in Pb/Ag) is a NINS spectra broadened by 0.8 mV voltage
noise. The addition of voltage noise not only reduces the amplitude
but also broadens the spectra. However, the reduction of the am
plitude can be explained if we include the interface scattering in the
NINS model.
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Pg/Ag
PbBi/Ag
Nb/Au
Nb/Ta

d
[nm]
20
20
20
5
50

ph

A

ph

A

[meV]
1.40 0.00
1.40 0.00
1.56 0.00
1.56 0.65
1.56 0.65

Τ
[К]
1.3
1.3
4.2
1.3
1.3

[meV]
1.17 0.00
1.17 0.00
1.29 0.00
1.48 0.65
1.02 0.65

Table 3.1: The parameters used in calculating the NINS spectra
shown infigure3.13. The parameters Δ5 and Дд/· are calculated using
equations 1.18 and 1.17. The Fermi velocity vp is taken 1.4 · 106m/s.
by temperature so the calculation has no free parameters. The position of
the conductance peak is completely determined by eq. 1.17.
The NINS calculated spectra describe the Nb/Та spectra very well, spe
cially if we take into account that broadening due to the voltage noise (as
described in section 2.4) is not included in the calculation. The calculation
predicts the correct gap-width for the Pb spectra, but the gap in Nb/Au is
predicted to large. It is necessary to include a reduction of the bulk pair of
the bulk pair potential due to the reduced T c of this film.
The amplitudes of the calculated NINS spectra are too high compared
to the measurements on Nb/Au and the Pb films whereas it is about the
correct size for the Nb/Та films. Additional voltage noise over the junction
cannot be the cause of this amplitude reduction; as is seen in figure 3.13
including voltage noise produces a spectrum which is to wide. The amplitude
reduction can very well be caused by scattering at the N-S interface. The
Та grows epitaxially on the niobium and the electronic structures are alike,
we therefore expect almost no interface scattering. This in contrast to the
gold and silver; these form a granular film on top of the superconductor and
the electronic structures are different.
The induced gap in the normal layer is caused by Andreev reflection of
the electrons at the N-S interface. The scattering has a profound effect on
the Andreev reflection process as is known form the ВТК theory [7, 28].
Within this theory the scattering at the N-S interface due to structural
imperfections and mismatch in electronic structure is represented in a dimensionless quantity Z. In figure 3.14 we have shown the energy dependence
of the Andreev reflection probability A (conversion of electron into hole and
visa versa), and the electron scattering probability В (specular reflection of
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Figure 3.14: Energy dependence of the probability of Andreev reflec
tion A and specular reflection В for different strengths of the interface
scattering parameter Z.

interface). Interface scattering produces an energy dependent decrease of
the Andreev reflection probability.
The NINS model assumes a fully transparent interface, i.e. Ζ = 0. In
terface scattering should have to be included for a right description of our
experiments. The interface scattering will reduce the intensity of the bound
state and increase the low voltage conductance due to the energy dependent
reduction of A(E).
When a new model becomes available which includes the interface scat
tering, we can directly compare the model's prediction with experiment.
We do not have to include a free parameter because the Andreev reflec
tion probability A(E) can be determined independently by a point-contact
measurement [7].
Flux imaging
From the measurements of the vortices on Nb/Au we should note the fol
lowing: (1) the radius of the vortices decreases with increasing field; (2) the
vortices form a heavily distorted lattice at all fields; (3) the sub-gap current
changes from gold grain to gold grain, but is constant over each grain. The
last point about the sub-gap current is discussed by Jeroen Wildöer [19] and
will not be discussed here. The first two points will be discussed below.
V o r t e x radius As is seen in figure 3.12 the radius of the vortices decreases
with increasing magnetic field. The radius of vortices as seen with STM was
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first studied by Golubov and Hartman [29]. They used the Usadel equations
which are valid for dirty superconductors at any field and temperature. They
solved these equations in the limit of a hard type-II superconductors (к S> 1)
such as 2H-NbSe2. An excellent agreement between their prediction and the
measured vortex core radii was found. In our case, the superconductor is not
a hard type-II superconductor but a soft type II superconductor (к. > l / v 2 ) .
Therefore, we can not directly use the results of Golubov and Hartman.
Their theory predicts a reduction of the flux core radius, as defined by the
sub-gap current suppression, of 24 nm ( Б Й 0 T) to 13 nm (B ss 0.5ß c 2).
This is, within our accuracy, compatible with our result where the radius
decreases from 40 ± 8 nm {B » 0 T) to 15 ± 8 nm (B = 0.2 Τ « 0.5Я с 2 ,
Bc2 = 0.39 Τ for pure Nb [23]).
The determination of the radius is difficult due to the influence of the gold
grains. This makes a thorough study of the flux core radius cumbersome.
D i s t o r t i o n v o r t e x l a t t i c e When we look at figure 3.12, the vortex lattice
seems to be distorted at all fields. To have a better quantitative measure of
the distortion we determined the nearest neighbor distances of all vortices;
the distortion parameter ζ is then defined as the standard deviation of this
set of distances normalized by the average distance. Using this definition,
the distortion ζ = 0.12 ± 0.02 for all fields except the lowest; at the lowest
field ζ = 0.26 but the statistics are poor since we have only eight vortices in
the scan-area.
According to simple theory, the vortices should repel each other, at least
when the distance between the vortices is larger than 2λ. The force between
the vortices increases with increasing field and saturates when the distance
between becomes smaller than λ. This happens, also experimentally, in hard
type II superconductors (к 3> 1). However, niobium has к > l/\/2 [30]
which has strange effect on the force between vortices. Within this kind
of superconductor, vortices attract each other at low fields (described in a
review article by Brandt [30]). The force between two vortices in niobium
is a delicate summation of the attractive and the repulsive forces.
P i n n i n g As discussed above, the vortex lattice is distorted by some kind
of pinning. But what kind of pinning? Do we have a few attractive pinning
sites or do we have many pinning sites, for example as many as there are
grains on the surface or at least a few times as many as there are vortices
at the highest field.
Consider the case of a few attractive pinning sites. In that case we
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do [nm] 96 ± 3 9
dih [nm] 0 0344 Τ
0 0344 Τ
0 060 Τ
0 115 Τ
0 165 Τ

67 ± 2 9
0 060 Τ
56 ± 3 2
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52 ± 2 1 42 ± 1 7
0 115 Τ 0 165 Τ
31 ± 1 7 34 ± 1 9
41 ± 3 0 34 ± 2 9
37 ± 2 5

37 ± 1 5
0 218 Τ
31 ± 2 0
29 ± 1 9
27 ± 1 7
28 ± 1 7

Table 3.2: Comparison of the average distance do between a random
position and the nearest neighbor for each magnetic field and the aver
age distance dih between vortex positions at a low field and its nearest
neighbor at a higher field The random distance do is consistently
larger than the distance d^ indicating that we have preferential pin
ning sites

would expect that such a pinning site is frequently occupied by a vortex, for
example if we look at the positions occupied by vortices at different fields If
we consider the case of many pinning sites, we expect no correlation between
the vortex positions at different fields
In figure 3 15 we marked the positions of the vortices for 6 different
fields It seems that the vortex positions are clustered together indicating
the presence of a few attractive pinning sites 5 However, the observation
of clustering of the vortex positions can be an effect of the way our brains
interpret images We therefore want some quantitative measure of this clus
tering
If some positions on the surface are preferentially occupied, we expect
that a position occupied by a vortex at one magnetic field is also occupied
by a vortex at a higher magnetic field, or at least has a vortex nearby Let
us determine the average distance dih of the vortex positions at a low field
to the nearest neighbor at a higher field, and compare this distance with the
average distance do between a random position and the nearest neighbor at
this higher field When our hypothesis is right t h a t vortices preferentially
occupy certain positions, we expect t h a t the positions of the vortices at a
low field are closer to vortex positions at a higher field than expected from
random placement In other words, we have a few preferential pinning sites
when dih < do
5

We can not distinguish the presence of a attractive sites or repulsive site In both
cases some places at the surface have more probability to be occupied by a vortex than
others
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Figure 3.15: Images of the vortex positions on a gold covered nio
bium film (100 nm Nb, 20 nm Au) using the ST M at low temper
ature. The topography is shown together with the position of the
vortices at the different fields. Images of the vortex positions for each
field individually are shown in figure 3.12. Scan area: 830 χ 830 nm.

3.5 Proximity effect on high-T c
In table 3.2 we have indicated the distances do for each field and dih
between a low field and a higher field. The error margin is given by the
standard deviation of the averaged distances. We estimate the uncertainty
in the determination of the vortex positions to be about 20 nm, this is
certainly one of the sources of the large error margins. The distances dih ъх^
consistently smaller than the random distance do for each field, indicating
that we indeed have a few preferential pinning sites.

3.5

P r o x i m i t y effect on high-T c

The method to protect a surface from degradation by covering it with a
thin metallic layer is also used on high-Tc materials. The basic experimental
problem is how to get a good electronic contact between the high-Tc material
and the normal metal. The coherence length in high-Tc materials is small
so even a very thin layer of distorted high-Tc material is enough to reduce
the superconducting properties and increase interface resistance.
But when we are able to get a well conducting interface between the
normal metal and the superconductor we can use a point contact to study
the Andreev reflection mechanism [31] in these high-Tc materials. Using a
magnetic field and thicker normal metal layers we would be able to even
probe the ^-dependence of the pairing potential in the high-T c .
To conclude, we could not make the interface between the high-Tc and
the normal metal of high enough transparency to study the Andreev reflec
tion process through the normal metal layer. In this study we found three
other effects which we will describe below: a) the differential resistance of the
point contact has peaks that shift with point contact resistance and mag
netic field, b) the voltage in the neighborhood of the point contact could
be measured giving us a method to determine the 'local' contact resistance
between the high-Tc and the metal layer, c) an Andreev reflection process
could be measured using tungsten 'point contacts'.

3.5.1

Experimental setup and sample preparation

The high-Tc material, 100 nm БуВагСизОу-^ОВСО), is deposited on a
(305) SrTiOß. This produces a superconducting layer where the СиОг lay
ers make an angle of 31 degrees to the surface normal. The advantage of
this over the usual orientation with the СиОг layers parallel to the surface
could be that the larger conductance in the plane of the СиОг layers helps
to increase the transparency of the interface between the high-Tc and the
normal metal.
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Figure 3.16: The 100 nm ОуВагСіізОу-й layer is deposited on a
(305) SrTi0 3 substrate. The 20 nm gold pads are deposited ex-situ.
The orientation of the layers is indicated in the right panel.
A 20 nm gold layer is deposited ex-situ. Before deposition the surface
is cleaned using a 'soft-clean' ion bombardment. After this the gold layer is
patterned, see figure 3.16, to produce contacts for 4-probe measurements.
The measurements are made using a double point contact insert (DPI)
[7, 32] in a glass He dewar. All measurements are done at 1.3 K. A con
ventional electromagnet could be used to apply fields (B < 1 T) parallel to
the sample. The differential resistance of the point contact is determined
using a modulation of the current I (typ. ƒ = 500 Hz) and measuring the
resulting voltage modulation as function of DC voltage across the contact.
The differential resistance R(V) is measured using a lock-in technique at
frequency ƒ, the 2/ signal is used to determine dR(V)/dV.
To measure
the voltage in the neighborhood of the first point contact, a second point
contact could be positioned independently on the top Au-layer.

3.5.2

T h e resistance peaks

At high contact resistance (R > 10 Ω), the phonon spectrum of gold is
visible as is expected for a point contact in the Sharvin limit. However at
low resistances (R < 10 Ω) small peaks in the differential resistance appear.
The voltage at which the peaks appear changes both with contact resistance
and with applied parallel magnetic field.
The position of the peaks changes proportionally to the contact resis
tance with only a slight dependence on the position of the point contact on
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Figure 3.17: The position of the resistance maxima as function of
magnetic field B.

the sample. The direct proportionality of the peak position to the contact
resistance suggests t h a t the peaks occur when the critical current is reached
somewhere in the sample.
The position of the peaks also changes with applied parallel magnetic
field The way in which the peaks move is different for every peak, but
symmetric for positive and negative voltage (see figure 3.17).
By looking at the position changes as function of in-plane angle between
the magnetic field and the (50Ϊ) direction in the DBCO it turned out that
only the component parallel to the (501) direction of the DBCO is respon
sible for the shift. In the present setup we were unable to determine the out
of plane dependence.
3.5.3

'Local' interface resistance

The point contact injects current into the DBCO/Au bilayer. In case of high
interface resistance between the DBCO and the Au no Andreev reflected
electrons will be collected by the point contact, but most if not all of the
electrons have to flow away from the contact area via the gold top layer.
The current flowing in the top Au layer will generate a voltage which can
be measured using a second point contact. In figure 3.18 we see the voltage
measured on top of the gold layer as function of distance from the first point
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Figure 3.18: Voltage as measured with second point contact as
function of the distance to the first injecting point contact on a
БуВагСизОт-а/Аи sample. The point contact tips were made from
etched 55 μπι silver wire. Fit: V(r) = 4.7exp(-0.0019 |r|)

contact. We were able to position the second point contact within a 50 μτα
range of the first point contact. This 50 μπι limit is due to the size of the
etched point contact wires and the optical system which is used to measure
the distance between the point contacts.
The distance dependence of the measured voltage can be modeled in
the following way. We assume a homogeneous resistance of the Au top layer
Д д и ( [ ^ с т ] ) . The current injected at the first point contact at r = 0 will flow
radially outward through the Au film. At every point in the film, current
will leak into the superconductor, the current being proportional to the local
voltage V(r) and the interface resistance Д с ( П с т 2 ) . When we assume that
the interface resistance between the Au and the DBCO is homogeneous over
the surface, we can write down the voltage V(r) as a differential equation
d2V(r)
2

дт

1 д {т)
г

дт

- a2V(r)

= 0,

α2 =

Rku/d
Re

'

(3.1)

where г is the distance from the injection point and d is the thickness of the
gold film. At large distances from the point contact (r ^$> a - 1 ) the solution
is

V(r) = V0e'

(3.2)
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The total current flowing into the superconductor via the interface resistance
Rc is given by
r
Ιί

=

* ί2π
Έ~

2?rV
2πΥ
Г ° ш \ • алы
o
°
/ V {r)r sm θ άθ dr = -£=- = -—j-.

Λ,,Ν
(3.3)

This has to be the same as the current injected with our point contact. We
can now calculate ¿?AU and Rc using d = 20 · 1 0 - 7 cm, VQ = 4.7 • I O - 3 V and
a = 19 c m - 1 (from the fit to curve in figure 3.18).

RAu = ^ ^
Rc = ^ ф

= 2 • 1СГ6 Hem

(3.4)

= 3 · ΙΟ"3 Ωαη2

(3.5)

In this way we know both the resistance of the gold film R\u and the
interface resistance Rc. The high value of the interface resistance explains
why the Andreev reflection signal is undetectably low.
3.5.4

A n d r e e v r e f l e c t i o n in ' p o i n t

contacts'

As is clear from the previous section, the interface resistance between the
DBCO and the gold is too high. The tungsten wires placed on the con
tact pads used for our 4-probe measurement do, however, show an Andreev
reflection signal.
In this case the 'point contact' area is a superconductor in contact with a
normal metal. In t h a t case not only the Andreev reflected electrons (A) enter
our point contact giving increased current, but also the specular reflected
electrons enter our contact and decrease the net current. The measured
contact resistance R is therefore proportional to R = RQ/(1 + A — B). The
voltage dependence of A(V) and B(V) depend on the interface scattering
parameter Ζ from the В Т К theory [7, 28] (see figure 3.14). In figure 3.19 a
'point contact' spectrum is shown of such a tungsten wire in a DBCO/Au
bi-layer. The value of the gap as retrieved from the fit to the В Т К theory
is lower t h a n expected for the high-T c material. We had to assume that
only 26% of the current in contributing to the Andreev reflection process;
the remaining current is flowing away via the gold layer. The changes in the
magnitude of the observed gap from contact to contact are probably caused
by the uncontrolled way the tungsten wires are placed on the contact pads.
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Figure 3.19: Point contact spectrum of a tungsten 'point contact' on
a DBCO/Au bilayer, together with a fit using the ВТК model for a
direct point contact, (Δ = 2.4 meV, Ζ = 0.54, Temp = 1.2 kelvin,
Vmod = 0.6 mV, effectivity 26 %, R = R0/{1 + A- B)).

3.6 C o n c l u d i n g remarks

3.6

Concluding remarks

In this chapter we overcoated superconductors with thin normal metal layers. Using this method we protect the superconductor from oxidation. However, this bi-layer method is intended for point-contact and STM experiments on high-T c superconductors. The idea is to cover a high-T c superconductor, for example YBa2Cu307_¿ with a thin layer of normal metal such
as silver. The silver in this case serves three functions. Firstly, the silver
protects the surface of the high-T c superconductor when transported in air.
Secondly, the silver is transparent to oxygen, in that way we can (re-)adjust
the oxygen content (doping) of the high-T c superconductor. Thirdly, the
silver acts as a transport layer for the low energy electrons.
On bi-layers of high-T c superconductor and a normal metal we could
determine the local resistance of the interface using point-contacts. The high
interface resistance could be circumvented when using tungsten contacts
which penetrate the superconductor. These contacts showed the signature
of an Andreev reflection process in a high-T c material.
On the thin films of type-I superconductor P b we could neither identify
an intermediate nor a mixed state; the variations seen are predominantly
influenced by the local film structure. Further experiments in the lead-silver
system should be split up into two parts. Firstly, the study of the intermediate and mixed state. One should use large area STM scans, preferably
more than l x l μπι, to identify either intermediate state or mixed state
behaviour. Also, the influence of local film structure can be reduced by
evaporating the lead at liquid nitrogen temperature. Secondly, the study of
the proximity effect could yield valuable results. Evaporation of lead at high
temperature could produce well separated lead crystals on a glass substrate.
A successive evaporation of silver will cover both the lead and the glass
as our measurement indicates. In this way, one could study the in-plane
proximity effect as function of the distance to the N-S interface.
On the gold covered niobium films we could identify the mixed state and
we studied the pinning of the vortices. The resolution with which we could
determine the vortex positions is not limited by the penetration dept'i A,
only by the grain size of the gold overlayer. Statistical analysis of the vortex
positions at different magnetic fields provided information about the density
of pinning sites.
Our measurements on the different combinations of superconductors and
overlayers clearly indicate that the interface scattering should be incorpo
rated in a model describing the proximity effect. Using a point-contact one
can independently obtain the modified Andreev scattering probability which
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has to be incorporated in this model.
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Chapter 4

Electron tunneling into
Bi2Sr2CaCu208
Electron tunneling spectroscopy experiments have played an important role
in the understanding of classical superconductors. In this chapter we re
port the use of this technique to study the layered high-T c superconductor
Bi2Sr2CaCu208.

4.1

High-T c superconductivity

Superconductivity was discovered by Kamerlingh Onnes in 1911 [1] in Lei
den; he found the total disappearance of electrical resistance in mercury
below 4 K. After this discovery people began to search for materials which
become superconducting at higher temperatures, with superconductivity
at room temperature as an ultimate dream. Until 1986, the highest T c
found was 23 К for NbßGe [2, p.3]. But the discovery by G. Berdnorz and
K.A. Müller [3] of superconductivity in Ba-La-Cu-0 at 36 К started a mas
sive search for superconductivity in this class of materials: the high-T c su
perconductors. The highest T c now of 134 К is found for г^ВагСагСизОв+а;
the T c increases to 164 К when mechanical pressure is applied to the mate
rial [4, p.3].
This new class of superconductors is built from a repetitive stacking of
different atomic layers. Each primitive cell contains one or more layers of
СиОг separated by other layers, although recently some superconductors
with a high T c have been found that do not contain СиОг planes. It is
generally accepted t h a t the superconductivity and even most of the conduc
tivity takes place in the СиОг planes. The other layers merely work as a
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charge reservoir and spacing layers for the СиОг planes.
The properties of the high-Tc superconductors can be changed by doping.
In most high-Tc materials this is done by changing the oxygen concentration
in the material. Near half filling of the СиОг planes, the material is an antiferromagnetic charge transfer insulator. With increasing doping the long
range magnetic order fades away and the material becomes a superconduc
tor. The T c reaches a maximum at ~ 0.15 holes per СиОг layer. For higher
doping, the T c decreases again, and it eventually becomes a paramagnetic
metal [5, p. 46].
Even the normal state properties are difficult to predict theoretically.
For example the correlation effects between the occupancy of electrons at
different sites are large, which makes these materials difficult to describe
in standard single or independent particle theories. Band structure calcu
lations, for example, which do not include the correlation effects predict
metallic properties at half filling, while the material is known to be an in
sulator.
It was almost 50 years after the discovery of superconductivity that the
theory was developed that could explain its occurrence: the BCS theory [6].
Using this theory one could explain how the electron-phonon coupling can
make specific materials superconducting below a critical temperature T c .
It is not clear whether the electron-phonon coupling is also the dominant
mechanism for the high-Tc superconductors. The BCS theory is, however,
still used as a reference when describing high-Tc materials.
In this chapter we will present tunneling measurements performed on
surfaces of one of the high-Tc materials: ВІ2212. In the section below the
structure of ВІ2212 is presented. After that the experiments are described,
followed by a discussion of the two different types of spectra that we found
on these surfaces.

4.2

T h e s t r u c t u r e of ВІ2212

Soon after the discovery of the first high-Tc superconductor Ba-La-Cu-O,
the Bi-Sr-Cu-0 class of high-Tc superconductors was found [7]. The number
of СиОг layers per unit cell in this compound can be varied, giving a general
formula BÌ2Sr2Ca n _iCu n 02n+4· The η = 1, 2, and 3 compounds have been
synthesized with T c s of respectively 7 K, 80-90 K, and ПО К [8, 9]. The
compound studied here is the η = 2 compound ВігЭггСаСигОв or ВІ2212
for short.
This compound is intensively studied by many techniques and it is a
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Figure 4.1: The average structure of ВІ2212. The stiff C u 0 2 lat
tice stretches the BiO lattice [11]. This induces an incommensurate
modulation along the ò-axis with approximate period 4.76. The СиОг
bonds are along the (±a, ±b, 0) direction. Between the brackets pos
sible chemical substitutional imperfections are indicated.

particularly fruitful subject for surface sensitive techniques. It is a layered
superconductor and cleaves, like graphite [10] and mica, easily along the abplane. In this way one can easily obtain clean and atomically flat surfaces,
which are particularly well suited for surface sensitive techniques.
The pseudo-tetragonal structure of ВІ2212 (a = 5.41 Â, b = 5.42 Â,
с = 30.93 Â) [11] is given in figure 4.1. It consists of two СиОг layers
separated by Ca. Every Си is connected to the so called apical oxygen atom
of the SrO layer above. This apical oxygen is then again connected to the
Bi of the BiO layer. The very large distance 3.7 Á [12] between the two BiO
layers as compared to normal B i - 0 bonding distances (for example the Bi-0
distance in ВаВіОз is 2.2 Â [13]) is responsible for the easy cleavage plane
between the two BiO layers.
The layered structure of ВІ2212 and the weak coupling between the lay
ers makes this a superconductor with very anisotropic properties. The re-

68

Electron tunneling into I ^ S ^ C a C i ^ O g

Figure 4.2: The Fermi surface as measured using ARPES Неге Γ-Μ
is along the СиОг bond direction, Γ Y along the 6-axis with the in
commensurate modulation The circles are ARPES data, the thick
line is a tight-binding fit to this data The thm lines are a copy of the
tight binding data shifted by the modulation vector ± Q due to the
incommensurate modulation (Figure reproduced from [15])

5

sistance for example has high anisotropy, values of pc/раъ — Ю are ob
served [14] The in-plane anisotropy is much smaller {ра/рь ~ 2 [4, ρ 75])
The Fermi surface of Bi2212 is almost two-dimensional In figure 4 2 we
show this two-dimensional Fermi surface as measured by angular resolved
photoemission (ARPES) [15]
The stiff bonds in the СиОг layer set the bond distances m the layers
above This stretches the Bi-0 bonds in the BiO layers due to the connection
of the Bi to the Си by the apical oxygen The large stress is relaxed by
placing the oxygen in the BiO layer away from the center of the Bi square
[11] and by an incommensurate modulation of the crystal structure The
modulation is along the b-axis of the crystal and it has a period of about 4 76
[16] depending on the exact stoichiometry of the material The modulation
is largest in two BiO layers [12] Although the average modulation period is
incommensurate, an electron microscope study by Hewat [17] suggests t h a t
an irregular repetition of (46, 56, and 66 period) building blocks produces on
average an incommensurate modulation Hence, the structure in figure 4 1
is only approximate
Apart from the modulation of the structure, there is the possibility of

4.3 STM experiments on ВІ2212
atoms occupying other sites in the crystal: the Sr and Ca sites are sometimes
partially occupied by Bi atoms [18]; the Bi site can have vacancies or be
occupied by Cu; or there may be Ca on the Sr site [12]. The substitutions
can be triggered by the non-stoichiometry which is often used to produce
'better' samples [19-21] (such as a higher T c , a sharper resistive transistion,
or a higher critical current)
The critical temperature of the ВІ2212 can vary depending on the actual
composition and doping; the maximum T c obtained so far in ВІ2212 is
~ 99 К [22]. Increasing oxygen concentration by annealing in an oxygen
rich atmosphere reduces the critical temperature [23].

4.3

S T M e x p e r i m e n t s on ВІ2212

To study the superconducting properties of the ВІ2212 surface, we performed
STM measurements at low temperatures. The ВІ2212 crystals were cleaved
at 4.2 К and investigated with the LT-STM as described in section 2.1. The
crystals grown by D. Mitzi had a composition B12 loSri 94Cao 8sCu2 çnOg+s
[19]. The small plate-like crystals selected from the melt typically had a
resistive transition at 89 К.
These crystal were mounted on the sample holder with silver paint [24]
or carbon black [25], and the wire for cleaving was glued to it with GEvarnish [26] (see section 2.2 for a discussion about the cleaving procedure).
After drying at ambient temperature, the sample and tip were mounted in
the STM. The tip is made by cutting a 0.5 mm Ptlr wire [27]. The STM
is flushed a few times with helium gas to remove most gases from the STM,
particularly the water vapor which would block the inertial slider. For heat
exchange the insert is filled with 1 atmosphere helium gas; we always use
pure helium gas from a LHe vessel. Precooling is done for 5 to 15 minutes
in LN2, after which the STM is transfered to the cryostat. Cooling to 4.2 К
then takes place, which takes between 5 minutes and 1 hour depending on
whether the cryostat was already filled with LHe or not. After the cooling
to 4.2 К the sample is cleaved and STM experiments can begin.
The cleaving at low temperature appeared to be necessary to obtain re
producible imaging and atomic resolution. When cleaving is done at room
temperature in air, reproducible scanning was not possible. This is consis
tent with other groups where scanning and cleaving are done in a clean atmo
sphere, such as: UHV [13, 16, 28-31], or in an argon filled glove box [32, 33].
No reports are known where STM showed atomic resolution when cleaved
in air; at low temperatures the shape of the conductance curve shows a
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dependence on the tip-sample distance
The loss of atomic resolution and the distance dependence are signs
of poor tunneling, ι e absence of a real (vacuum) gap 1 between tip and
sample [28] It is therefore crucial for good STM measurements on Bi2212
to cleave and image the surface in a clean atmosphere (preferably UHV
conditions) In our case these conditions are satisfied at low temperatures
Another reason for cleaving at low temperatures is the possible oxygen
diffusion The superconducting properties of high-T c superconductors de
pend highly on their doping level, and therefore their oxygen content A
little oxygen diffusion at room temperature could change the properties of
the surface layer Cleaving the crystal at low temperatures inhibits any tem
perature activated oxygen diffusion from the freshly exposed surface layer
No extra cleaning is done on the tip Measurements on NbSe2, graphite,
GaAs [34] and gold at low temperatures show no indication that additional
cleaning of P t l r tips is necessary
There is also a disadvantage of cleaving at low temperatures The cleav
ing process itself can create stress and/or dislocations at the surface Some
of these imperfections could have relaxed at room temperature but they have
less probability to relax at low temperature However, the cleaving of Bi2212
produces relatively small stress because of the loosely bound layers This
may be different for other materials such as У В а 2 С и з 0 7 _ х (or YBCO for
short) where the structural amsotropy is much less Strong chemical bounds
have to be broken in YBCO where as in Bi2212 the interlayer Bi-0 bond
is weak Cleaving the surface will produce a surface with broken (dangling)
bonds which can make the surface energetically unstable On many materi
als, surface reconstructions will decrease this energy thereby stabilizing the
surface The S i ( l l l ) surface, for example, is such a surface that produces
a 7x7 reconstruction to minimize its energy On high-T c materials little is
known about these surface reconstructions There is, however, one report by
Lausanne [35] t h a t a surface of YBCO cleaved at 4 К changes its properties
when heated to 40 К For the Bi2212 no such reports are known Only the
weak Bi-0 interlayer bonds are broken in Bi2212, so there is probably not
much energy to be gained by reconstructing the surface This would then
explain the relative stability of the Bi2212 surface
So cleaving the sample at low temperatures provides us a relatively undis
turbed surface, and the low temperature also provides us with a way to
protect the sample from deterioration
:

A semiconducting top layer could form an insulating barrier at low temperatures

4.4 T o p o g r a p h y o n ВІ2212

Figure 4.3: Topography of a cleaved ВІ2212 crystal. In contrast to
all other STM images in this thesis the scan direction in this image
is along the vertical. Scan size 19.0 χ 9.5 χ 0.04 nm. Sample voltage
-200 mV, current 200 pA.

4.4

T o p o g r a p h y on ВІ2212

To determine the topography of the surface, i.e. the position of the atoms,
one generally uses the STM in constant current mode. In this mode one
records the z-movements of the tip needed to keep the tunnel current con
stant. The constant current mode produces the right topography only when
we assume t h a t changes in the tunnel current are only caused by the changes
in the tip-sample distance and not by changes in the local electronic proper
ties of the sample. For example, when imaging a superconductor, the tunnel
current is not only determined by the tip-sample distance b u t also by the
magnitude of the local order parameter depending on the applied voltage. If,
however, on a classical superconductor we choose a tunnel voltage far above
the gap (Vs 3> Δ / e ) , then the tunnel current is again only determined by
the tip-sample distance, and we can interpret the constant current imaf с as
representing the surface topography.
On high-T c superconductors it is not proven t h a t the tunnel current at
high voltage (e.g. Va = 200 mV 3> Δ / e « 35 mV) is only dependent on
tip-sample distance: it is therefore possible t h a t the constant current image
does not only contain the surface topography, b u t also information about the
local order parameter or any other local electronic property. For the moment
let us assume t h a t the constant current image of ВІ2212 at a tunnel voltage
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Figure 4.4: Topography of a ВІ2212 crystal cleaved and measured at
4.2 K. The left image shows the raw data; the three crosses indicate
where the three I-V curves shown in figure 4.5 are taken on the sur
face. The right image shows the same surface, but with additional
high-pass filtering to enhance the atomic lattice; the arrows indicate
the direction of the crystal lattice. Left image 15.5 χ 15.5 χ 0.17 nm,
right image 15.5 χ 15.5 χ 0.04 nm. Sample voltage +200 mV, current
100 pA.

of 200 mV is largely determined by the topography, i.e. the position of the
atoms. In figure 4.3 we see a typical image of the ВІ2212 surface cleaved
and imaged at low temperature. The ridges from the modulation along the
ò-axis are clearly visible.
As said before, the most probable cleavage plane of ВІ2212 is in between
the Bi-0 layers. Only two corrugations per unit cell (one per primitive cell)
are visible in the topography, indicating t h a t the Bi-Bi or 0 - 0 sub-lattice
of the Bi-0 layer is imaged. It is not clear why only one type of atom is
imaged.
Our measurements are compatible with a model for a 5ò-period modulation on the Bi-O layer at the surface as developed by Inoue [16]. This model
assumes t h a t we see the Bi atoms of the BiO layer, and these Bi atoms are
displaced along the ό-direction away from the ridges.
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Figure 4.5: Three spectra taken at different positions of the ВІ2212
surface seen in figure 4.4. Going from curve (a) to (c) the intersection
point of the asymptote with the x-axis is shifting to higher voltages.
Only curve (a) has one asymptote that goes through the origin. The
distance between the spectroscopy points is 1.9 nm.

4.5

Spectroscopy of the superconducting gap

To investigate the superconducting properties of these ВІ2212 surfaces we
performed spectroscopy: determining the current voltage characteristic with
the feedback circuit disabled, but the tip-sample distance nevertheless con
stant. The tip-sample distance is set by the tunnel voltage and tunnel cur
rent at the moment before the feedback is switched off; this combination of
voltage and current is called the set-point. On classical superconductors the
spectroscopy, or the resulting I-V curve, gives us information about the local
order parameter. On high-T c materials the spectroscopic measurements are
less well understood. In this and following sections we will show what types
of I-V curves are found on ВІ2212.
Spectroscopy on ВІ2212 depended on the position on the surface but not
on the set-point. In figure 4.5a,b,c we see three I-V curves taken on three
different spots on the ВІ2212 surface (the position of the spots is indicated
in figure 4.4). The three spots are separated by only a few nm. The curves
look in principle like any I-V curve of a NIS junction. But there is one big
difference. This becomes clear when we draw the asymptotes of the curves
in the figure. The asymptote of curve с does not intersect the i-axis at the
origin but at some larger voltage; the asymptote is shifted.
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Figure 4.6: a) Conductance of NIS junction according to BCS theory
is proportional to the superconducting density of states. The states
below the gap (area A) are pushed to higher energies just above the
gap (area B). The number of states in the normal state (A+C) is the
same as the number of states in the superconducting state (B+C), the
sum-rule. So area A equals area B. b) The integrated conductance,
the current, in the normal state and the superconducting state are the
same for voltages above the gap. Therefore the asymptote has to go
through the origin.

In the paragraph below we will explain the sum rule for the supercon
ducting density of states. When we assume, as is valid for classical super
conductors, t h a t the normalized conductance is proportional to this super
conducting density of states, then, according to the sum-rule, the asymptote
should always go through the origin.
Sum-rule a r g u m e n t According to the BCS theory, the superconducting
density of states in the weak coupling limit is given by
Nt = Ue

\E\
VE

2

- Δ2

(4.1)

When, according to the BCS theory, a superconductor is brought into the
superconducting state, the excitations which have an energy below Δ in the
normal state will be pushed to energies just above Δ in the superconducting
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Figure 4.7: Three spectra taken at different positions of the ВІ2212
surface seen in figure 4.4; the corresponding I-V curve is shown in
figure 4.5. The conductance peaks are only present in figure (a).

state. The number of possible excitations remains the same. Therefore
the area A in figure 4.6, representing the excitations t h a t are pushed out
of the gap region, equals area В (the BCS peak in the density of states);
this is called the 'sum-rule'. When we assume t h a t the tunnel conductance
is directly proportional to the superconducting density of states, then this
'sum-rule' also holds for the tunnel conductance.
As a result, the total current, which is the integrated area below the
curve, at voltages above the gap (V 3> Δ / e ) is proportional to the applied
voltage: the asymptote goes through the origin. When the height of the
BCS peak (area В in figure 4.6) is not large enough, the asymptote will be
shifted. If we look at the conductance of the three curves in figure 4.7, it
appears t h a t exactly this is happening. In figure 4.7b we see t h a t states are
removed in the gap area (area A) but the peaks are not present, resulting
in shifted asymptotes. In figure 4.7c it seems t h a t even more 'states' are
removed near the gap area. In section 4.7 we will look more closely at the
curves with shifted asymptotes.
The existence of the sum-rule for the tunnel conductance is used for
classical superconductors to distinguish the height differences on the surface
(topography) from the order parameter differences (spectroscopy), such as
done in chapter 3.
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Figure 4.8: The gap, as measured by Δ*, and the asymptote shift
measured on different places on two different samples. The gap tends
to be larger when the shift of the asymptote is larger. A large shift of
the asymptote means also a large deviation from the sum-rule. The
Δ* of the 3 measurements on the y-axis could not be determined (the
measurements are like figure 4.7c).

To get some quantitative measure of the gap, without having to fit the
shape to some model, we just measured the following characteristics of the
gap: APp which is half the distance between the top of the peaks in the I-V
curve; and Δ * which is half the distance between the crossing points of the
actual I-V curve with the background (see figure 4.9). There is a general
tendency for the Δ ρ ρ and Δ * to be larger when the deviation from the sumrule is larger. See figure 4.8 for relation between Δ+ and the asymptote
shift.

4.6

Curves without shifted asymptotes

We now focus on the curves without shifted asymptotes. In figure 4.9 we
see a typical 'good' I-V curve on ВІ2212. We defined 'good' curves as curves
without shifted asymptotes and taken on a surface where reproducible to-
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Figure 4.9: A typical 'good' I-V curve on ВІ2212, i.e. taken on a sur
face where reproducible topography was possible and without shifted
asymptotes. Set-point 200 mV on sample, 210 pA. The BCS curve is
calculated using Δ = 35 meV and Τ = 4.2 К.

pography was possible.
However, not all 'good' curves are the same. The width of the gap, as
measured by Δ * or Δ ρ ρ , changes from sample to sample and from place t o
place on the sample. Even when the shift of the asymptote is small there is
a relatively large spread in Δ* (see figure 4.8).
The shape of the I-V curve resembles the curves as predicted by the
BCS model, but there are a few distinct differences: the width of the peaks
is larger than the BCS model's; the sup-gap conductance is larger than
expected from temperature broadening alone; and most curves have a dip
structure which is most pronounced at negative sample bias.
The I-V characteristics without shifted asymptotes are similar to those
obtained with LT-STM by other groups [28, 36-42]. All I-V spectra have
broad peaks, relatively large sub-gap conductance, and the dip at negative
sample bias. But at the same time the spectra differ when we consider the
size of the gap structure, the amount of non-linear background conductance,
or the dependence on tip-sample distance.

78

E l e c t r o n t u n n e l i n g into ВігвггСаСигОв
The size of the gap 2Δ* as measured by other groups is about 40 to
60 meV ( 2 Δ ρ ρ ~ 50
100 meV) Our measurements indicate 2Δ* about
50 to 90 meV ( 2 Δ Ρ Ρ ~ 80
120 meV), which is somewhat higher, but
this includes the spectra with the shifted asymptotes There is a general
tendency for the high-T c superconductors that the most optimal samples
have the smallest gap, one therefore often cites the lowest gap found as
being the intrinsic gap of the superconductor [42]
A non-linear background and the tip-sample distance dependence of the
spectra is considered a bad sign [28] A large non-linear background was first
considered to be an intrinsic property of all high-T c materials until better
experimental d a t a became available on Bi2212 which did not have this
Our d a t a have a small or zero non-linear background conduction and also
have no dependence on tip-sample distance If we also take into account the
atomic resolution, then we can conclude that our spectra are of high quality
The somewhat larger gap m our data we attribute to the presence of the
asymptote shifts (see figure 4 8)
The simple BCS model assumes a single gap without any fe-dependence,
a free electron like Fermi surface, an infinite quasiparticle lifetime, and a
weak coupling T h a t the measured spectra on Bi2212 are so much different
from this simple BCS model is an indication t h a t a few but probably all of
the assumptions mentioned above are not valid in Bi2212 We will therefore
discuss, one at a time, the implications when one of the assumptions is not
valid
A n i s o t r o p i c Fermi surface From section 1 1 1 we know t h a t the tunnel
current can be dependent on the momentum parallel to the junction, fey,
depending on the sharpness of the tip It will, however, not depend much
on the in-plane angle of £ц, because the tip radius (bluntness) and therefore
the selection rules will probably not be very different for the different inplane angles of fen
The exact band structure of Bi2212 is still not known, but as far as is
known is probably very 2-dimensional The best Fermi surface measure
ments are currently done using ARPES [5, 15] The m-plane Fermi surface
as measured by A R P E S is shown in figure 4 2 As can be seen from this
figure, all the states at the Fermi surface have a certain minimal in-plane
component fcmin This minimally needed parallel momentum could have an
effect on the tunneling process A state with a large parallel momentum will
have a fast decay inside the barrier 2 In other words, the work function of
2

This is why atomic resolution, which is produced by the states with large parallel
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the ВІ2212 appears to have increased by an amount (hkm\n)2/2m. Whether
the tip work function also appears to be increased or not depends on the
selection rules for tunneling. If the assumption made that the transverse
momentum (here described as fcn) is conserved in the tunneling process is
valid, then all electrons tunneling from the tip must have that same large
parallel momentum: the tip appears to have a larger work function. If
the transverse momentum is not conserved, the electrons from the tip with
fey = 0 will tunnel to sample states fcy φ 0: the tip will have a normal work
function.
Measurements of the apparent work function as measured by tip-sample
distance variations could give some information about the the tunneling
process such as whether the transverse momentum is conserved or not and
whether a large transverse momentum really increases the apparent work
function. It is important to use a sample which has a 2D Fermi surface
otherwise the fcy = 0 states will carry most of the current.
From the present experience gained from STM experiments on high-Tc
materials, the apparent work function is often low; large tip-sample distance
changes occur when we change the tunnel voltage or the tunnel current.
But the work function was higher when reproducible scanning was possible.
Systematic and quantitative work function measurements are needed for
more information3.
s- or d-wave gap The BCS theory assumes an isotropic gap, i.e. the gap
in excitation spectrum is constant over the Fermi surface. For ВІ2212 there
are strong indications that the gap in the excitation spectrum is no longer
constant, but has a certain dependence on the in-plane angle of the Fermi
wavevector, as for example in d-wave or asymmetric s-wave superconductors
(see also section 1.2.1). The tunneling process has no dependence on the
in-plane angle. The I-V curve as taken with an STM will therefore be an
average weighted over all angles. Without any knowledge about the shape of
the Fermi surface and the tunneling selection process it is difficult to make
a guess of the weighting factor for each angle.
In figure 1.2 we showed the conductance spectra for the s- and d-wave
momentum, is only visible on metals when close to the surface [43]. At large distance
the current will be carried by the slow decaying wave functions with /сц = 0, which have
no in-plane corrugation. In ВІ2212 there are no states with &ц = 0, so we have atomic
resolution at any tip-sample distance.
3
This should include a comparative study on: Ptlr -> Au (both UHV and LT-STM,
because adsorbates on sample and tip can have a large effect on the work function), Ptlr
-> NbSe 2 , and P t l r -> ВІ2212.
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order parameter. We assumed that each angle has the same weighting factor,
however, that assumption is somewhat arbitrary. In the last part of this
section (page 81) we will use the information from ARPES data to get the
weighting factors and к dependence of the gap function.
Strong coupling/dip-feature In almost all measurements that obey the
sum-rule there is a small 'dip' in the conduction spectrum. This dip is
most pronounced at negative voltage, approximately at —85... —60 mV,
but sometimes visible at positive voltages as well.
The dip is also seen in tunneling experiments on other high-Tc super
conductors [44, 45] and in ARPES data [5, 15]. Because the dip is present
in different high-T c superconductors and seen with two different techniques
it is believed that it is not an experimental artifact but really a property of
the quasi-particle excitation spectrum.
The dip is seen in NIS tunneling data, but is more pronounced in the
SIS tunneling data. In the SIS data the presence of the BCS peak and the
dip in both the electrodes enhances all spectral features including the dip.
The position of the dip in the SIS data scales with the value of the gap
and is at approximately 3Δ for high-Tc superconductors with T c ranging
from 5 to 100 К [44, 45]. Compared to the SIS spectra the spectral fea
tures in the NIS spectra are shifted by Δ, so the dip in the NIS data is at
approximately 2Δ.
The dip as seen with ARPES is only present along the Г-М direction in
which Δ/fc is maximal.
The presence of such additional structure on the tunnel spectra is not a
complete surprise. Some classical superconductors like Pb and Hg also show
additional structure. In these superconductors it is the strong coupling
between the electrons and the phonons that produces additional structure
at energies of the phonon modes (See also section 1.2 and 3.2.3).
The high-T c superconductors could also be in the strong coupling regime.
Classical superconductors are regarded as strong coupling if the ratio of
2A/къТс is larger than the BCS weak coupling prediction of 3.53 [6]. The
high-Tc superconductors have ratios 2А/к\>Тс between 3 and 11 (ВІ2212:
Δ ~ 35meV,T c ~ 90K gives 2А/кьТс ~ 9). In this perspective high-Tc
materials can be considered to be of the strong coupling type.
Arnold, Mueller and Swihart [46] showed that the dip as found in ВІ2212
could be explained assuming a strong enough coupling to some kind of
bosonic excitation spectrum (not necessarily phonons) with a peak at 10 meV.
Varelogiannis [47] even claims that for the dip to occur it is sufficient to have
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strong coupling, but the actual shape of the bosonic spectrum does not mat
ter.
In a theory by Coffey and Coffey [45, 48] it is argued t h a t the dip in
the NIS spectra at 2 Δ is a signature of d-wave pairing. In this theory they
assume a large coupling within the electron system and a resulting decay
of one high energy quasi-particle into 3 quasi-particles. Within an s-wave
pairing 4 the high energy quasi-particle needs at least an energy of 3 Δ to
decay into 3 quasi-particles each with a minimum energy Δ . Within a dwave pairing, decay can start at lower energy due to the nodes in A^. Due
to к conservation and phase-space considerations the quasi-particle decay
becomes effective at energies starting at 2 Δ [45]. In this respect the 2 Δ dip
in the NIS tunnel spectra is an indication for ci-wave pairing.
Quasi-particle lifetime: Г-broadening The lifetime of quasi particles
is not infinite. Their reduced lifetime due to impurities was used to deter
mine the impurity concentration in classical superconductors by Dynes [49].
The formula used for this work is inherited by the high-T c community t o
describe the lifetime effects in tunneling data on high-T c materials, see also
section 1.2.
The physical basis behind the formula limits its use to small values of
Г and energy values near Δ ; it in fact describes only the small changes of
the width of the BCS peak. When using this formula to fit/describe tunnelspectra on high-T c materials, we always encounter the problem t h a t a single
Г can not describe the low energy part (V ~ 0) and the high energy part
(|V| ~ Δ ) . This is not surprising, the lifetime is energy dependent and
can be taken as a constant only in a limited energy region. Present theory
does not provide the energy (and/or angle) dependence of Г. Extracting the
function T(E) from the d a t a is not possible without knowledge of functional
form.
In figure 4.10 we have shown the influence of a constant finite lifetime of
the quasi-particles on the conductance curves for s- and ci-wave supercon
ductors. Calculations are made in the same way as in figure 1.2, but now
we used equation 1.10 with Г = 7 meV.

4.6.1

Connection to A R P E S d a t a

As became clear from the previous discussions, fitting A(E, k) and T(E, k)
to our measured tunnel spectra is a difficult task. There are too many
4
Coffey and Coffey claim that an extended s-wave (Δ(£) = £[cos(/cza) + cos(fc„a)]) can
even produce similar results to an isotropic s-wave.
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Figure 4.10: Influence of a constant finite lifetime of the quasiparticles on the conductance for s- and d-wave superconductors (Г =
7 meV, Δ — 35 meV). As a reference, a STM conductance spectrum
is included.

unknowns to produce a sensible fit. In this section, we try to take as many
parameters as possible from A R P E S d a t a to calculate the tunnel spectra.
The ingredients used from the ARPES d a t a are the 2D Fermi surface and
the A(k) data. The 2D Fermi surface (see figure 4.2) and the A(k) (see
figure 4.11b) are obtained from H. Ding [15].
As a first try, we only used the fc-dependence of the gap function Δ (A;)
from the A R P E S data. The STM conductance curve is calculated by av
eraging over all angles. From the ARPES d a t a we have the A(k) only for
a limited number of angles; the Δ(Α;) for the angles in between are deter
mined by linear interpolation (see fig. 4.11b). The result of this calculation is
shown in figure 4.12. As a reference, one of the ВІ2212 STM measurements
is plotted.
When we compare the STM measurement with the ARPES curve we see
t h a t the peaks of the tunneling curve have higher conductance at 40 mV
but the low voltage conductance is lower.
In this simple model we probably make the wrong assumption about the
relative weights of the conductance while averaging over the different angles.
It seems from our measurements that the high gap values at 0° have a larger
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weight then the low gap values near 45°.

Can we explain this? Let us take into account the dispersion of the Fermi
surface. At the M point (where Δ is large) the bands flatten and there is a
high density of Щ wave vectors available. Along the Γ-Χ and Γ-Υ direction
(where Δ is small) the bands are steep and therefore a low density of fcy
wave vectors (see figure 4.11). As we have seen in section 1.1 the current
depends on the number of available /сц wave vectors. We therefore expect
the M point to have a larger weight.

A more quantitative weighting can be estimated from the tight-binding
fit to the A R P E S data [50]. The tight-binding model gives the energy
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e(kx,ky)
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of the quasi-partides relative to the Fermi level
e(kx,ky)

= 0.1305* 1
- 0.5951 * 0.5 * (cos(fcx) + cos(fcj,))
+ 0.1636 * cos(kx)

cos(ky)

- 0.0519 * 0.5 * (cos(2fcx) + cos(2fc„))
- 0.1117 * 0.5 * (cos(2A:x) cos(ky) + cos(kx)

cos(2ky))

+ 0.0510 * cos(2fcx) cos(2fcj,).

(4.2)
Where kx, ky are the wavevectors in the СиОг lattice given
{a* = 3.84 Â). The CuO bond directions are M = (π,0)
pseudo-tetragonal 6-axis is along Υ = (π, π). The weight
proportional to the number of parallel states, is then given

\ν(φ)άφοί U s i n a i + |cos^M

in units of I/a*
and (0,π), the
\ (ф), which is
by

(4.3)

where φ the angle as described in figure 4.11b and де/дкх and де/дкх eval
uated at the Fermi surface. As we can see in figure 4.11c this weighting
function gives more weight to the electrons tunneling at φ = 0.
In calculating W ( 0 ) , we assumed that the weighting function was energy
independent. This is, however, not the case due to the energy dispersion
of the Fermi surface. At an energy of some 50 mV below the Fermi energy
the Fermi surface is already changed in shape. But the general idea of the
different weights for the different angles remains the same.
By using the above weighting function ] (ф) we neglect the /сц depen
dence of the tunnel matrix element Маь- Including the dependence on k»
would give a completely opposite effect: due to the magnitude of k» the
states along Г-Х and Γ-Υ (where Δ is small) would have a larger weight
than the states near M (where Δ is large). There are, however, two reasons
for neglecting the dependence of Маь on the magnitude of /сц. Firstly, the
increase in apparent work function as predicted by the ku dependence is
not experimentally observed (See section 4.6 page 79). Secondly, electrons
near a zone boundary (the M-point) will have different properties, and can
maybe better be described as electrons near the Γ point.
In figure 4.13 we see that including the Fermi surface dispersion improves
the correspondence between the tunneling data and the A R P E S data. Still
not covered by this model is the width of the BCS peak in the density of
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states and the small depression at higher energy ('2A-dip'). Further fine
tuning is possible by including lifetime effects (Г(Е)) and strong coupling
effects

4.7

Curves with shifted asymptotes

In section 4 5 we introduced the shift in the asymptote as a way to dis
criminate the different types of I-V curves on the ВІ2212 surface In this
section we will discuss the curves with the shifted asymptotes, and see if
we can find some explanation for the presence of these curves. But first we
will describe measurements made to get more insight into this phenomenon.
We will adress the questions of whereabouts on the surface these shifted
asymptotes exist and how large the shift is

4.7 Curves with shifted asymptotes
4.7.1

Experiments

To further investigate the occurrence of the asymptote shift we performed
current imaging tunneling spectroscopy (CITS) measurements. The setpoint voltage is again taken above the gap at +200 mV, the positive branch
of the I-V curve. Then at each point on the surface an I-V curve is taken at
constant height. Due to the limited amount of data storage the I-V curves
are taken on a raster of 75 χ 75 points on the surface and the current is
measured at voltage intervals of 20 mV.
To get a quantitative measure, we determined the asymptote and its
crossing with the x-axis. In the experiment we only have a limited voltage
range available. We use the measured currents in the interval + 6 0 . . . +200
mV to fit a straight line using the least-squares fitting method (LSQ). The
crossing point of this line with the i-axis then is the quantitative measure.
By using a straight line we neglect any higher order terms. This is appro
priate to curves such as those shown in figures 4.7a and 4.7b, but for curves
with a large asymptote shift the conductance in this region is not constant;
fitting a straight line then introduces a small error in the asymptote shift.
A qualitative measure of the asymptote shift can also be extracted di
rectly from the data. In figure 4.15 we compare two I-V curves: one where
the asymptote goes through the origin and one where asymptote is shifted.
As can be seen from this figure, the current at +60 mV can also be used
to see whether the asymptote is shifted. The lower the current measured at
+60 mV the larger the shift of the asymptote.
Both methods give almost the same information. The signal to noise
ratio of the first method is higher, because we use more data points and we
do not depend on the actual set-point. The second method assumes that
the tip is completely regulated (i.e. the set-point is reached), but we do not
have to assume constant conductance for the positive and negative voltage
branches.
The result of a CITS measurement is seen in figure 4.14. At each point
of the surface the current is measured at different voltages. The current
measured at a certain voltage is displayed as a gray-scale image; at the
white areas the current is more positive. From the image taken at +60 mV
we can see directly on which places of the surface the asymptotes are shifted;
the dark areas have a lower current and therefore a shifted asymptote.
Using a LSQ fit to our data as described above we can also determine
how large the shift of the asymptote is. In figure 4.16 we plotted the relative
occurrence of the different shifts as determined with the LSQ fit. The exper
imental data used is the same as from figure 4.14. The histogram for each
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voltage branch has more or less a Gaussian distribution. The width of the
Gaussian is determined both by the accuracy with which we can determine
the shift and by the intrinsic width of the distribution of the shifts as present
on the surface. The error in the determination of the shift is approximately
±10 mV.
The absolute value of the shift is not the same for the positive and for
the negative voltage branch, but large shifts at the negative branch are
always accompanied by large shifts at the positive branch and visa versa
(see figure 4.17). The shift at the negative branch is on the average 10 to
20 mV larger. The absolute value of the shift is of the same order as the
gap: the average shift is + 2 5 mV at positive voltage branch and is -45 mV
at the negative voltage branch.
Together with the CITS measurement the topography of the surface is
also determined, but with the same relatively low spatial resolution as the
spectroscopy. Therefore, we performed a topography only measurement of
the surface directly before and after the CITS measurement with a higher
resolution to get a better topographic image of the surface. The higher

4.7 Curves with shifted asymptotes
resolution images show the surface with atomic resolution. The amount of
atomic corrugation obtained in this way sometimes changes, probably due
to tip changes. These changes, however, did not have an influence on the
asymptote shifts (see figure 4.18). So the asymptote shifts are not only
independent of set-point but also not dependent on actual tip shape. We
therefore believe that the asymptote shift is really a property of the sample.
In figure 4.18 the topography of the surface (taken with higher resolution)
is seen together with the shift of the asymptote as determined by the LSQ
fit. The typical size of a region where the asymptote is shifted is of the order
of a few nanometers (about the same size as the in-plane coherence length).
The areas on the surface where the asymptotes are shifted are in general a little lower (darker). This is expected because in constant current
mode the STM will decrease tip-sample distance when the current is locally reduced. Areas where for some reason there is a current reduction will
therefore appear to be lower.
To summarize: the shift of the asymptote is of the same order as the
energy gap of the superconductor (~ 30 mV), and the amplitude of the BCS
conductance peaks vanishes during the initial stage of the asymptote shift.
The shift is generally larger on the parts of the surface which are lower or
have more defects; the areas where it occurs have a dimension of the order
of the in-plane coherence length (~ 2 nm). The shift is also independent of
tip-sample distance.

4.7.2

Discussion

What can be the reason that the asymptote is shifted, and why is the shift
large in certain places and small or absent in other places?
If the sum-rule appears not to be satisfied on some places of the surface, then how has it become broken. The sum-rule itself is a fundamental
property: when the number of electrons remains the same the number of
possible excitations remains the same. However, the sum-rule argument as
presented before depends on certain assumptions, such as the one-to-one
correspondence of the tunnel conductance to the superconducting densi' y ol
states. So, a shift of the asymptote does not imply that the sum-rule itself
no longer holds, but it does indicate that there is something wrong in the
assumptions made in the sum-rule argument.
Firstly, it could be that we locally have an abnormal superconductor, and
the shift is caused by some special property of the superconducting state.
Secondly, maybe the asymptote shift is really a property of the normal state.
Finally, the asymptote shift could be caused by external effects, not related
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4.7 Curves with shifted asymptotes
to material properties. All three will be discussed below.
4.7.3

Abnormal superconductor

Could the shift of the asymptote be connected to some property of the
superconducting state? The typical length scale and energy scale of the
asymptote shift (~ 30 mV, ~ 2 nm) are of the same order as the energy
and length scales of the superconducting state, the pairing energy and the
coherence length. This could be an indication that the shift is related to the
superconducting state, or is the correspondence in scale purely coincidental?
Let us test whether a different pairing mechanism could produce shifted
asymptotes, and whether the dip at '2Δ', which is probably connected to
the superconducting state, has an influence on the asymptote shift.
Pairing mechanism The sum-rule argument in section 4.5 assumes swave gap without fc-dependence. But the high-Tc materials probably have
a gap that is fc-dependent such as anisotropic s-wave or d-wave. Is the sumrule argument still valid for other gap symmetries? Yes, for the sum-rule
argument to apply we just need that an excitation Ejj: in the normal state
changes its excitation energy to E^ in the superconducting state in a similar
way as a classical superconductor. Within a classical superconductor the
excitation energy is given by Esk = J(E^)2 + Δ 2 . This just shifts states
with an energy below the gap E^ < Δ to energies just above the gap. It
does not matter for the sum-rule argument whether Δ is a function of к or
not. So the actual asymmetry of the order parameter doesn't matter.
It is, however, crucial for the sum-rule argument that only states with
an energy comparable to the gap energy are shifted. If, for example, the
excitations in the superconducting state were rigidly shifted, such as Ef. =
E£ + Ak, then the asymptote will really be shifted by an amount Δ^, which
results in a tunnel conductance with shifted asymptotes and without the
BCS peak.
The '2Δ-αΐρ' The shift of the asymptote is larger at the negative voltage
branch, the same branch where the '2A-dip' is most pronounced. If we as
sume the '2A-dip' to be a reduction of the conductance then the integrated
conduction deficit would be equal to the extra shift of the negative asymp
tote. On the other hand, the '2A-dip' could also be seen as an increased
conductance for the voltages below 2Δ. And again, we would have an ex
tra shift at the negative voltage branch due to the increased slope of the
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Figure 4.19: (a) Shift of asymptote as calculated from positive volt
age branch.
(b) Topography, atoms enhanced by keeping high fre
quency Fourier components.
(c) Topography, the low frequency
part. Scan area: 15.5 χ 15.5 nm. Set-point: 200 mV, 100 pA.

asymptote. In both cases the conductance change results in a shift of the
asymptote.
Summarizing, the asymmetry in the asymptote shift for positive and neg
ative voltages can be related to the asymmetry in the '2A-dip'. There is,
however, no theoretical background for a modified pairing mechanism which
would produce a shifted asymptote.
4.7.4

N o r m a l s t a t e effect

So, if the asymptote shift is not directly related to the superconducting
state, could it be related to the normal state? In other words, would the
asymptote shift also be present when the material is in the normal state?
Maybe it is the additional energy dependence in the matrix element Маь
due to a low work function, which is producing the shift. Or is the shift due
to a locally different doping level?
N o r m a l s t a t e c o n d u c t a n c e In the sum-rule argument it is the conduc
tance normalized by the normal state conductance which is proportional to
the superconducting density of states. Experimentally, we could not deter
mine the normal state conductance. On classical superconductors one can
increase temperature above the critical temperature - or even better, apply

4.7 Curves with shifted asymptotes
a magnetic field above the critical magnetic field - to determine the nor
mal state conductance. In our case, the critical field of ВІ2212 is far above
the highest field we can generate. Raising the temperature above the criti
cal temperature was experimentally not possible (increasing temperature by
100 K, if possible, produces too much drift to find the same position on the
surface again, and we would loose our 'vacuum'). If it were possible, it is
questionable whether the normal state conductance at 100 К is the same as
the normal state conductance at 4.2 К which we need for the normalization.
Because the conductance of the I-V curves without shifted asymptotes is
almost constant at high voltages, we assume the normal state conductance
to be constant.
Low work function In section 1.2 we argued that the conductance of
a NIS junction is proportional to the superconducting density of states.
This has proven to be correct for classical superconductors where the Fermi
energy E[ and the work function Φ are much larger than the gap Δ, i.e.
Δ/Et ~ Δ/Φ ~ 10 - 3 . The gaps of high-Tc materials are larger and the
Fermi energy is lower Δ/Et ~ 0.1, so assumptions made to obtain equa
tion 1.10 need not be valid, and the conductance is no longer proportional
to the superconducting density of states.
Because the gap is larger, the spectroscopy curves are also taken over a
larger voltage range. When the energy of the electrons or the applied voltage
becomes comparable to the work function, then the tunneling matrix element
Маь is no longer constant but becomes a function of both the energy of the
electrons that tunnel and the voltage applied over the junction. The Маь
thus becomes a gradual changing function which favors tunneling between
high energy states and tunneling at high tunnel voltage. Consequently, the
tunnel current is no longer linear in voltage and higher order terms will
appear. The effect is the same for the NIN and the NIS junction. Due to
the presence of the higher order terms (~ V2, V 3 ) the I-V curve no longer
has an asymptote. The asymptote as determined by the LSQ fit of the
tunnel current in the limited voltage range (+60 mV · · · +200 mV) will
appear to be shifted.
So, in principle a low work function could also cause a shift of the asymp
tote, it does however not explain the reduction of the intensity of the BCS
peaks. When the work function is low on some places of the surface, these
places will appear higher than places where the work function is high: low
work function results is higher tunnel probability and the feedback system
will increase tip-sample distance to keep current constant. However, the
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experimental data indicates that places with shifted asymptotes are lower
and not higher. A low work function therefore cannot explain the curves
with shifted asymptotes as present on our surface.
Doping The effect of doping changes is previously studied with STM at
room temperature by Wu et al. [33]: they found that in a sample with nonoptimal doping there are bias dependent changes in the topography. On the
non-superconducting sample, non periodic features were visible when surface
is imaged using low voltage (|V| < 400 mV). The non periodic features were
not seen when the surface was imaged using a higher tunnel voltage. The
typical size of the non-periodic features was found to be 2 to 3 nm, about
the same size as our regions where the asymptote shifts.
So, doping differences could very well produce non-linearities in the nor
mal state I-V characteristic. The actual I-V characteristics and its doping
dependence are not given by Wu et α/., so we can not tell whether the
non-linearity is large enough to explain the asymptote shift including the
reduction of the BCS conductance peak.
Summarizing, a low work function does indeed result in non-linear terms
in the I-V characteristic and consequently a shift of the apparent asymptote,
but the reduction of the BCS conductance peak cannot be explained. A
lowering of the work function would lead us to suspect the areas with shifted
asymptotes to be higher, which is not the case. Other normal state effects
can not be excluded; tunneling measurements above the critical temperature
could give some insight in the normal state properties, although normal state
measurements at 4.2 К would be preferable.

4.7.5

Extrinsic effects

Maybe, the asymptote shift is caused by effects not directly related to ma
terial parameters, but, for example, by impurities or defects. Our ВІ2212
samples, as most ВІ2212 samples, have a non stoichiometric composition and
consequently a relatively high density of defects (vacancies, interstitials, sub
stitutional defects etc.). Even when defects are not present in the charge
transporting Cu02-planes, the electrostatic potential accompanied by some
of the defects could have an influence on the in-plane charge transport.
A slow down of the charge transport can result in charging effects as
described in a separate section 'classical charging' (4.7.6). Impurities could
also limit the lifetime of quasi-particles.

4.7 Curves with shifted asymptotes
Quasi-particle lifetime: Г-broadening In section 1.2 we introduced
the influence of the quasi-particle lifetime on the conductance spectra. The
limited lifetime produces spectra where the intensity of the conductance
peak is lower; like the spectra with the shifted asymptotes. The reduction
of the conductance peak due to limited lifetime is compensated by the in
creasing conductance within the gap area. The presence of a limited lifetime,
therefore, does not produce a shift of the asymptote. Its only effect is to
broaden the energy levels, not to shift them.
4.7.6

Classical charging

As is indicated in section 1.4, charging effects also cause a shift of the asymp
totes. In this section we will discuss the possibility that charging effects are
the cause of the shift of the asymptote in our experiments. As we know
from section 1.4, charging produces a shift of the asymptote by an amount
e/2C and produces voltage fluctuations. Hence, the charging can explain
the I-V curves with displaced asymptotes as measured on ВІ2212. As seen in
figure 1.9 both the decrease of the BCS peak and the shift in the asymptote
are predicted in the model.
In figure 4.20 we simulated the presence of charging on a curve without
shifted asymptotes. By adding charging to a measured curve without shifted
asymptotes (curve a from figure 4.5), we could reproduce the curve taken
2 nm away from this curve which did have a shifted asymptote (curve b
from figure 4.5). The charging is simulated using the Monte-Carlo program
described in section 1.4.1. The amount of charging to include is not a fitting
parameter, but is directly determined by the shift of the asymptote in curve
b. The curve from the simulation as shown in figure 4.20 is rescaled such
that the current at 200 mV is 100 pA, the set-point.
Within our measurements the areas where the asymptote shift is large
are generally lower (depressed surface). This, in fact, is to be expected if
the shift of the asymptote is caused by charging. The charging shifts the
asymptote and produces a current reduction proportional to the amount
of charging. The STM is operating in a constant current mode and will
decrease tip-sample distance on areas where charging occurs to keep the
current for a bias of +200 mV constant. So areas on the surface where
charging is high will appear deeper.
Within this model we assume that a capacitance С is charged, and this
capacitance is decoupled from its surroundings by a resistance R. The ques
tion is what, in our experiment, is the capacitance С which is charging and
where is the resistance R?
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Figure 4.20: Using the Monte-Carlo (MC) program (described in
section 14 1) we introduced charging into curve a from figure 4 5
which ìnitialy did not show a shift of the positive asymptote This
curve (with crosses) broadened due to charging by the MC-program
is compared to curve b from figure 4 5 which has the positive asymptote displaced by approximately 20 mV The capacitance С = 4 aF in
the MC-program is chosen to give displacement of the asymptote of
e/2C = 20 mV

C a p a c i t a n c e Possible candidates for the capacitance are the capacitance
between the tip and a point/area on the surface, or the capacitance between
a point/area on the surface and the underlying СиОг planes The capac
itance of a point on a distance d from a conducting surface is С = 8ned,
the capacitance of a parallel plate of area S and separating distance d is
С = eS/d For both, the capacitance of a nm-size object can easily be on
the order of a few a F
If one assumes it is the capacitance between the tip and surface which
is determining the capacitance, then one would expect that changing the
distance between tip and sample would change the capacitance and conse
quently the asymptote shift This distance can be changed by changing the
set-point of the I-V curve a higher current corresponds to a smaller dis
tance We checked the dependence of the asymptote shift on the set-pomt,
but changing the current from 100 pA to 800 pA did not have any effect
This could be because the capacitance changes only a little when we change
our set-point The capacitance is related linearly to tip sample distance, the
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tunnel current exponentially. Let us make an estimate of the distance change
caused by our set-point change. The current change, I2 —> I\, produces a
distance change (¿2 — d\
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"

Using a low value for the work function Φ of 1 eV, we have A = 2у/2тФ/п2 =
1 À - 1 . This results in a distance change of only 2 Â, and probably smaller
because the work function is chosen too low. This 20 % change on the total
tunnel distance of 10 Â is approximately the accuracy with which we can
measure the shift of the asymptote. The set-point dependence therefore
does not exclude nor prove that the capacitance between tip and sample is
governing the charging.
Resistance To get charging we need a series resistance5 R to isolate the
tunnel-junction from the environment (see section 1.4). This is, however,
the difficult part if we want to make charging plausible. The tip is a metal
and does not provide such a series impedance in any other experiment, and
will not provide one in this case either. The other candidate is the sample.
The sample is a superconductor with zero resistance. However, the
charge is injected as quasi-particles which experience the finite normal state
resistance. The high-T c superconductors are in fact poor conductors in the
normal state [51], even when optimally doped. Normalstate resistance increases drastically when doping is non-optimal. If for some reason there is
a local variation in the doping level, due to chemical substitution or due to
oxygen content, such a variation could cause a local change in the resistance.
So a local doping variation could locally provide a high resistance. The
high resistance is needed to slow down the charge redistribution (see section 1.4). Within the high-Tc superconductors there exists a van-Hove singularity in the band structure, near the Fermi energy. The group velocity
of the electrons in this van-Hove singularity is low, this will also slow down
the charge redistribution.
Summarizing, it is at least plausible that the resistance of the High-Tc
superconductor is locally large enough or charge relaxation slow enough to
provide a decoupling of the capacitance from the environment. We will now
5
A double junction also provides a decoupling from the environment. In that case the
resistance of the second tunnel junction provides the decoupling
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Figure 4.21: Three scenarios where charging
asymptotes. See text for description.
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discuss a few scenarios in which the charging of a capacitance provides the
asymptote shift.
Figure 4.21 illustrates three scenarios: A: A layer is covering the surface
which is not seen in topography, but the layer is 'seen' in spectroscopy as the
charging. We now have a double junction and the capacitance could largely
be determined by the capacitance of the over-layer with the CuC>2 sheets
below. This would explain why the capacitance is independent of tip sample
distance. It does not explain why the areas with the charging are gradual,
and why we do not see the over-layer in topography. Charging areas seem
to be deeper than other areas as seen in our experiments, but certainly not
higher as this scenario indicates.
B: the sample locally has a high resistance, caused perhaps by doping
variations. The capacitance then is determined by the tip-sample distance.
More accurate measurements of the set-point dependence of the asymptote
shift and of the work function could discern whether it is really the tipsample capacitance.
C: the СиОг layers have an imperfect in-plane conductance. The charge
then has to flow away via the CuC"2 planes below which is a slow process.
The capacitance in this way could be the capacitance between this СиОг
sheet and the one below, this would explain why the asymptote shift is not
dependent on the tip-sample distance.
From all these possible scenarios, none explain why the shift of the
asymptote is of the same order as the gap energy ( e 2 / 2 C ~ Δ ) and they
do not explain why the areas are of the same size as the coherence length,
although measurements made by Wu et al. [33] indicates t h a t doping can
vary on the scale of a few nanometer.

4.8 Conclusions
Localized states In the above discussion of charging in a classical way,
with R and C, we have the problem to pin point the R and С in the real
experiment. Experiments in which charging is thought to play an important
role all have a certain feature in common: there is some kind of localization.
The samples are disordered or have thin oxide layers, i.e. typical systems
with localized states. It could be that, in our case, it is the disorder which
produces the localized states.

4.8

Conclusions

By cleaving the layered high-Tc superconductor ВІ2212 at low temperature
we were able to perform reproducible STM measurements on the surface.
At these surfaces we discovered that the excitation spectra changed with
position in an unconventional way. These changes in the spectra could be
modeled by assuming the presence of charging on the surface. This model
then explains the found asymptote shift and the broadening of the spectra.
The cause of the existence of charging on the surface is discussed but no
definite cause could be found. The asymmetry in the asymptote shift for
positive and negative voltages is probably a consequence of the asymmetry
in the '2A-dip'. Also other non-charging explanations have been considered
from which the normal-state effects are the most probable cause for the shift.
On places on the surface where this asymptote shift is minimal or ab
sent we found similar spectra to those found by others. The general shape of
the spectra is compared with ARPES measurements. The ARPES measure
ments on ВІ2212 currently provide the best information about the symmetry
of gap parameter and shape of Fermi surface. We found that when we use
both the angle dependence of the gap and the dispersion of the Fermi surface
we could get a good agreement between the ARPES data and the tunneling
experiments.
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Summary
This thesis deals with the superconductivity at the surface of a high-Tc superconductor and the induced superconductivity in a thin normal metal layer
in contact with a superconductor. As a probe for the superconductivity we
mainly used a low temperature scanning tunneling microscope (LT-STM).
Chapter 1 describes the theoretical background needed for the interpretation of the tunnel spectra as obtained by the LT-STM. It describes the
tunnel current reduction for tunneling in a direction perpendicular to the
planes of a material with a two-dimensional Fermi surface. It describes the
tunnel spectra of junctions where one electrode is a normal metal and the
other electrode is either a thin normal metal layer with induced superconductivity or a superconductor with an s-wave or d-wave order parameter. We
also describe the influence of single electron charging on the tunnel spectra.
Chapter 2 describes a few important points regarding the experimental
techniques we used. The LT-STM we use is capable of high quality measurements at temperatures of 1.3 to 4.2 kelvin and magnetic fields up to 4 tesla,
and provides enough room near the sample for a sample cleaving mechanism. Using one of the two cleaving mechanisms ('crystal cleaving' or 'tear
off') we could expose clean and well defined surfaces. When cleaved at low
temperature, these surfaces remain clean for a long time. The resolution of
the tunnel spectra taken at 1.3 kelvin is limited by the current noise and the
voltage noise. We pinpointed the source of the current noise to the I-V converter and provided suggestions for improvement. Although the effect of the
current noise can be reduced by averaging over longer times, the broadening
due to the voltage noise cannot and is thus limiting our resolution.
Chapter 3 describes the experiments made on superconductors protected
from oxidation by a thin normal metal layer. The excitation spectrum of
this thin layer is changed due to the presence of a superconductor: this is
the proximity effect. The theory (as shown in chapter 1) describing these
spectra assumes a perfect transparent interface, however, our measurements
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clearly indicate that scattering at the interface must be included in order to
describe the measurements. Apart from the shape of the excitation spectra,
an STM is capable of determining its spatial dependence. This is used to
determine the positions of the vortices in a type-II superconductor placed in
a magnetic field. By statistical analysis of the vortex positions at different
fields we could estimate the density of pinning sites.
Chapter 4 describes the tunnel spectra as measured on the high-Tc su
perconductor ВігЭггСаСигОв (ВІ2212). By cleaving the layered ВІ2212 at
low temperature, we were able to image the surface with atomic resolution
and perform spatially resolved spectroscopy on the surface. Thereby, we
discovered that on certain places of the surface the asymptote of the I-V
curve does not pass through the origin as expected from a simple sum-rule
argument, but is shifted away from the origin.
The asymptote shift of the I-V curve is on the order of 30 mV and
changes on a length scale of a few nanometers. The discussion about the
cause of these shifts is split into three parts: causes due to abnormal super
conductivity, normal state effects, and external effects such as charging. By
assuming the presence of charging on the surface, we could correctly model
the asymptote shift which was measured on these surfaces. We cannot,
however, exclude the chance that normal state effects also play a role.
The curves with zero or small asymptote shift resemble curves reported
by other groups. We compared these results with angular resolved photoemission spectroscopy (ARPES) measurements. When we use the angular
dependence of the gap and include the dispersion of the Fermi surface (from
ARPES) we find good agreement between the ARPES and tunnel spec
troscopy measurements.

Samenvatting
Dit proefschrift beschrijft de supergeleiding aan het oppervlak van een hogeT c supergeleider en de geïnduceerde supergeleiding in een dunne laag normaal metaal in contact met een supergeleider. Als detector voor de supergeleiding hebben we voornamelijk gebruik gemaakt van een lage temperatuur
raster tunnel microscoop (LT-STM).
Hoofdstuk 1 beschrijft de theoretische achtergrond die nodig is voor interpretatie van de tunnelspectra zoals verkregen met de LT-STM. Het behandelt de tunnelstroomreductie bij tunnelen in een richting loodrecht op de
vlakken van een materiaal met een tweedimensionaal Fermi oppervlak. Het
bespreekt de tunnelspectra van juncties waarvan één elektrode een normaal
metaal is en de andere elektrode ofwel een dunne laag metaal waarin supergeleiding is geïnduceerd of een supergeleider met een ,s of d ordeparameter.
We behandelen ook de invloed op de tunnelspectra van de oplading met één
enkel elektron.
Hoofdstuk 2 beschrijft enige belangrijke punten met betrekking tot de
gebruikte experimentele technieken. De door ons gebruikte LT-STM is in
staat om metingen te verrichten van hoge kwaliteit bij temperaturen van
1.3 tot 4.2 keivin en magneetvelden tot 4 tesla, en heeft voldoende ruimte
bij het preparaat voor een kliefmechanisme. Door gebruik te maken van
een van de twee mogelijke kliefmechanismen ('kristal klieven' of 'afpellen')
konden we schone en goed gedefinieerde oppervlakken verkrijgen. Indien
bij lage temperatuur wordt gekliefd blijft het oppervlak gedurende lange
tijd schoon. De resolutie van de tunnelspectra zoals gemeten bij 1.3 keivin
wordt beperkt door de ruis in de stroom en de spanning. We hebben de
bron van de stroomruis in de I-V omzetter bepaald en hebben suggesties
gegeven voor verbetering. Alhoewel we het effect van de stroomruis kunnen
verminderen door over langere tijd te middelen, kunnen we de verbreding
door de spanningsruis niet op deze manier verminderen en daarom zal dus
deze ruis de uiteindelijke resolutie bepalen.
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Samenvatting
Hoofdstuk 3 beschrijft de experimenten op supergeleiders die zijn beschermd tegen oxidatie door een dun laagje normaal metaal. Het excitatiespectrum van deze dunne laag wordt beïnvloed door de nabijheid van de
supergeleider: het nabij heidseffect (Eng.: proximity effect). De theorie (zoals behandeld in hoofdstuk 1) die deze spectra beschrijft, veronderstelt een
perfect en transparant grensvlak, maar zoals onze metingen aantonen moet
de verstrooiing aan het grensvlak worden meegenomen willen we de metingen kunnen beschrijven. Behalve de vorm van de excitatiespectra, kan met
een STM ook de plaatsafhankelijkheid van deze spectra worden bepaald.
Dit is gebruikt om de posities van de vortices te bepalen van een type-II
supergeleider geplaatst in een magnetisch veld. Via statische analyse van
de vortexposities bij verschillende magneetvelden konden we een afschatting
geven van de dichtheid van pincentra.
Hoofdstuk 4 beschrijft de tunnel spectra zoals gemeten op de hoge-Tc
supergeleider Bi 2 Sr 2 CaCu20 8 (ВІ2212). Door ВІ2212 te klieven bij lage
temperatuur konden we het oppervlak afbeelden met atomaire resolutie en
mede de plaatsafhankelijkheid van de tunnelspectra bepalen. Hierbij ont
dekten we dat op bepaalde plaatsen op het oppervlak de asymptoot van de
I-V curve niet door de oorsprong gaat, zoals verwacht volgens een simpel
somregel argument, maar van de oorsprong weggeschoven is.
De asymptootverschuiving van de I-V curves is in de orde van 30 mV en
varieert op een schaal van enkele nanometers. De discussie over de oorzaak
van deze verschuivingen is verdeeld in drie delen: abnormale supergelei
ding, effecten van de normale toestand, en externe effecten zoals oplading.
Door de aanwezigheid aan te nemen van één enkel elektron oplading aan
het oppervlak, konden we de asymptoot verschuiving goed begrijpen. We
kunnen echter niet uitsluiten dat ook effecten van de normale toestand een
rol spelen.
De curves zonder of met een kleine verschuiving van de asymptoot komen overeen met de curves zoals beschreven door andere groepen. We hebben deze resultaten vergeleken met hoek opgeloste fotoemissie-spectroscopie
(ARPES) metingen. Gebruik makend van de hoekafhankelijkheid van de gap
en rekening houdend met de dispersie van het Fermi oppervlak (beide bepaald uit ARPES metingen) vinden we een goede overeenstemming tussen
de ARPES en de tunnelspectroscopie metingen.
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