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he apparent height h of a monatomic step on the upper
T surface of thin Pb(111) films, as measured by scanning
tunneling microscopy in constant-current mode, is found to
oscillate with bias voltage U. The oscillation period matches
that of the local differential conductance dI/dU and the tip
displacement rate dz/dU as the bias voltage is swept. This
correlation indicates that the observed height variations origi-
nate from coherent resonant tunneling through quantum-well
states in thin Pb(111) films. We argue that the extrema of
the apparent step height occur at bias voltages where the
differential tunneling conductances of Pb(111) terraces of
different thicknesses are equal.

1 Introduction

Quantum confinement in low-dimensional systems gives
rise to discrete energy levels, which often control the
electronic properties of nanostructured solids.™? In thin
metallic films, conduction electrons behave as quasi-free
particles parallel to the surface, while their motion across
the film is confined. This situation is analogous to the
particle-in-a-box problem, yielding stationary solutions of
the Schrodinger equation in the form of standing waves
with an integer number of half-wavelengths within the
film and evanescent tails in the barrier regions.? In scan-
ning  tunneling  microscopy and  spectroscopy
(STM/STS), quantum-well states in systems with double
potential barriers manifest themselves via coherent res-
onant tunneling, giving rise to a series of nearly equally
spaced kinks in the current—voltage (I —U) characteristics
and peaks in the voltage dependence of the differential
conductance dI/dU.*t If tunneling through the barri-
ers occurs incoherently, with phase-breaking effects (so-
called sequential tunneling), these peaks in the dI/dU—U
dependences become suppressed.'?

Lead films and islands serve as a convenient plat-
form for investigating various electronic and quantum-size
effects by STM/STS,* ! as well as by transport mea-
surements.'® 14 These systems have also been used to
study the properties of superconducting nanostructures
and two-dimensional superconductors,'® 7 hybrid struc-
tures based on superconductors.'®22 Importantly, the
quantum-interference patterns are highly sensitive to vari-
ations in film thickness and to the structural quality of
the interfaces. This sensitivity enables the spatial visu-
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alization of monatomic steps at the upper and lower film
boundaries,* % embedded inclusions,’ terraces with non-
quantized height variations,'? and even subsurface dislo-
cation loops.!!

This paper examines how the local electronic proper-
ties of thin Pb(111) films, controlled by a quantum-size
effect, influence STM topography measurements. The
basic idea is schematically illustrated by figures 1 and
2. According to Bardeen’s approach,?® the interaction
between two electronic reservoirs (a sample and a tip)
due to quantum-mechanical tunneling can be reduced to
a three-stage problem: (i) determination of the station-
ary electron states of the sample v, (without accounting
for the tip), (ii) determination of the stationary electron
states of the tip v, (without accounting for the sample),
and (iii) calculation of the transition matrix element be-
tween 1, and 1 to find the rate of quantum transitions.
The set of possible states in a hybrid sample, which con-
sists of a bulk conducting substrate with a thin metallic
film on top, can be derived by solving a one-dimensional
scattering problem:

h? d?

2m* dz?

where V(z) is a model double-barrier potential (figure 1),

m* is the effective mass of electrons, and E is the energy

of the incident electron wave. The general solution of

Eq. (1) in the substrate has the form of a linear combina-

tion of an incident wave of unit amplitude and a reflected
wave:

¥s(2) + V(2)Y,(2) = Evy(2), (1)

eik:z r efikz

+ )
V2rhv  V2mhv

where r is the reflection amplitude, k = v2m*E/h is the
wave vector of propagating electron waves, and
v = hk/m* is the group velocity. Electron states in the
vacuum spacer with energy E' < V,, are evanescent:

¥s(2) =

(2)

ble) = e (3

where V|, is the height of the potential barrier, ¢ is the
transmission amplitude, and » = /2m*(Vy — E)/h is
the decay constant. For illustrative purposes, we set m*
equal to the free-electron mass.’

As expected, some states in the hybrid sample are
resonant (E = FE,, where the index n corresponds to
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Figure 1. Schematic representation of quantum-well states in thin Pb films of different thicknesses: 20 monolayers (panel a), 21 monolayers
(panel b), and 22 monolayers (panel c). Such thicknesses were chosen for simplicity, to avoid overloading the figures with minor details.
The spatial distributions of |, ,,(#)| (red lines) were obtained by numerically solving a one-dimensional scattering problem (1) using the
transfer-matrix formalism.! All curves are shifted vertically according to their resonant energies E,,, where n is the integer index equal to
the number of half-wavelengths inside an effective parallel-plane resonator. Thick black lines correspond to the piecewise potential V (z),
normalized to Ej, = h?/(2m*a?) ~ 0.0381eV, where @ = 1nm is the length scale. The dimensionless energy spectrum E, /E, can be
converted to electron volts (right vertical axes, shown in blue). The Fermi energy E (blue dashed lines in all panels) can be estimated
by identifying it with the energy of the n = 29 state for the 20-monolayer film (panel a) [9]. The potential energy for the vacuum spacer
is chosen to ensure a work function close to 3.8eV [24].

the number of electron half-wavelengths in the film) re- 2 N=Z20 N=21
sembling both a particle in a box and standing waves
in a parallel-plane resonator with low-transmission barri-
ers. Figure 2 shows the dependence of the absolute value
of the wave function at the film-vacuum interface, v,
on the incident electron energy for two Pb(111) films of
different thicknesses. When the thicknesses of two ar-
eas in the Pb(111) film differ by one monolayer (d,,; =
0.286 nm according to standard crystallographic data for
bulk crystals), the oscillations in the 1), value as a func- 0 ‘ :
tion of E near the Fermi energy occur out of phase (com- E-E,
pare the red-blue and blue-black pairs of curves). The
appearance of a new resonant state with a pronounced tail Figure 2. Typical oscillatory dependence of the absolute value of
in the barrier region should enhance the coupling with the wave function v, at the .ﬁlm—vacuur.n ipterface (see figure 1) for
. . . N-layer Pb films as a function of the incident electron energy E.
evanescent tip states (1‘6‘7 increase the overlap between The positions of the maxima in t,(E) correspond to the resonant
1, and ¢t), thereby raising the tunneling current within a energies for the scattering problem (figure 1) and the quantum-well
narrow energy window around £,. When tunneling mea- states for a particle in a box with impenetrable walls
surements are performed in the constant-current mode
(with an active feedback loop), such oscillating coupling
between 1, and v, should be compensated by variations
in the width of the tunneling barrier. This means that
the difference between the apparent heights of flat ter-
races with different numbers of monolayers, as measured
by scanning tunneling microscopy in the constant-current
mode, should exhibit oscillatory and bias-dependent be-
havior. Such an effect was previously experimentally con-
sidered for Pb(111) films?® in the range of bias voltage
from 0.3 to 3 V. We now aim to reproduce this result
for a new sample/tip and to extend this observation to
thicker samples over a wider voltage range exceeding the
work function.

Wy

microscopy system (Omicron Nanotechnology GmbH) op-
erating at a base pressure of 2 x 107! mbar. Thermal
deposition of Pb (99.99% purity) from a Mo crucible was
performed in situ onto the Si(111)7 x 7 surface at room
temperature using an electron-beam evaporator (Focus
GmbH) at a pressure of 6 x 1071 mbar. All STM/STS
measurements were carried out at liquid nitrogen tem-
perature using electrochemically etched W tips cleaned
by electron bombardment. To enhance topographic and
spectral resolution, the tip apex was functionalized by
picking up a small amount of lead through gentle contact
with the surface in a peripheral region.

The surface topography was studied using a standard
STM mode, i.e., by measuring the displacement of the
2 Methods tip mounted on a piezo-scanner while scanning over the
sample surface with a constant sample bias voltage U
(with respect to the virtually grounded tip) and tunnel-
ing current I. Local electronic properties were studied
by STS in constant-current mode with active feedback,
where the tip—sample distance z varies as the bias volt-
age is changed.?% 26

Topography and local electronic properties of Pb(111) is-
lands*® grown on Si(111) wafers were investigated by
means of low-temperature scanning tunneling microscopy
(STM) and spectroscopy (STS). All measurements were
carried out in an ultra-high vacuum (UHV) scanning probe
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3 Discussion

Figure 3 shows the topography image (panel a) and the
map of the local variation of the tunneling conductance
(panel b), both acquired simultaneously at U = 0.40 V.
Dark and bright regions in the dI/dU map reveal the
boundaries between areas of different local thicknesses.
Two dashed lines in panel a mark the positions of two
monatomic steps on the substrate. This indicates that
the central part of the image (within the dotted rectan-
gle) belongs to the same Si(111) terrace and contains no
subsurface defects. Tunneling spectra for points 1 and 2
are presented in the inset of figure 4b. Comparing the
dI/dU maxima with the diagram in Ref. [9] identifies
points 1 and 3 as a Pb terrace 31 monolayers thick, while
point 2 corresponds to a thickness of 30 monolayers.
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Figure 3. a, b — Topography image after plane subtraction and
the corresponding map of the differential conductance (image size
after correction: 50 x 35nm?, mean bias voltage: U = +0.40V,
modulation frequency: 7285 Hz, modulation amplitude: 40 mV,
mean tunneling current: 200pA), ¢ — Profile of the surface along
the line passing through points 1, 2 and 3. d — Probability density
function f(z) of apparent heights, extracted from the topography
image (see the area inside the dotted rectangle in panel a). All
dashed lines in panels ¢ and d are equally spaced, with a spacing
corresponding to the theoretical thickness of a Pb(111) monolayer
(0.286 nm).

Figure 3c displays the cross-sectional profile of the to-
pography image, while figure 3d shows the probability
density function f(z) of apparent heights, extracted from
the area within the dotted rectangle in figure 3a after
plane subtraction and piezo-scanner calibration (see Ref.
[25] for details). Three peaks in the f(z) distribution cor-
respond to the Pb(111) terraces of different thicknesses:
30, 31 and 32 monolayers (from left to right). One can
see that the apparent heights of the monatomic steps are
not strictly constant. In particular, the step height be-
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Figure 4. a — Typical bias dependences of the z-coordinate of the
tip for two points 1 and 2 (figure 3a), acquired in constant-current
regime (200 pA). The derivatives dz/dU were calculated numeri-
cally after the Gaussian smoothing within a 15-mV window. b —
Bias dependences of the differences z; —z, (black curve) and z5 —z,
(purple curve). The inset shows the dI/dU — U dependences for
points 1 and 2 revealing the positions of the quantum-well states for
two terraces of different thicknesses and field-emission resonances.
Error bars indicate the uncertainty of the results based on a series
of single-point z — U spectroscopic measurements.

tween terraces of 30 and 31 monolayers is slightly smaller
(about 5%) than the expected theoretical value d,;;,
whereas the step height between terraces of 31 and 32
monolayers is slightly larger than d,,;. Notably, the step
height between terraces of 30 and 32 monolayers is close
to 2d;,; within experimental accuracy. The latter obser-
vation seems reasonable, if one takes into account that
the spectrum of quantum-well states for the terraces of
N and N + 2 monolayers should be rather close, provided
N> 1and E ~ Ep (see figure 2).

The dependences of the relative tip height z on U for
points 1 and 2, acquired in constant-current mode, are
shown in figure 4a. These z — U curves are monotonically
increasing functions, with periodic small-scale oscillations
of the slope, typical of quantum-well states for |e|U <
3.5 — 4 eV, and with pronounced aperiodic oscillations
due to field-emission resonances at |e|lU 2 4 eV. It is
evident that the bias-induced oscillations of dI/dU and
dz/dU occur in phase: both dI/dU and dz/dU rapidly
increase and then decrease as |e|U sweeps through one of
the quantum-well states E,, producing local maxima in
both signals at |e|U ~ E,,.

The difference h = 2z; — z,, corresponding to the ap-
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parent height of the monatomic Pb(111) step in constant-
current topographic mode, exhibits oscillatory behavior
as a function of U (figure 4b). We emphasize that the
apparent heights reach their extremal values when the
differential conductances of these two terraces become
equal.?®> The bias voltages satisfying this condition are
depicted by vertical dotted lines.

We can conclude that

(i) Such a small effect of the bias-induced oscillations
of the visible height of the monatomic steps appears re-
producible, since the main observations of this paper re-
semble the results of Ref. [25], obtained for a different
sample/tip.

(ii) The period of these oscillations coincides with the
period of the peaks in the dI/dU — U dependence, caused
by resonant tunneling through the quantum-well states.
The extrema of the monatomic step height are found to
coincide with bias voltages where the differential tunnel-
ing conductances of terraces of different thicknesses are
equal.

(iii) This effect can be regarded as instrumental: the
geometric step height seems to be fixed, while the ap-
parent height measured in constant-current STM con-
tains bias-dependent and tip-dependent electronic con-
tributions. Indeed, the modification of the shape of the
STM tip after touching the sample surface affects the ob-
served amplitude of the dI/dU and dz/dU oscillations for
both quantum-well states and field-emission resonances.
Consequently, the extent to which quantum-size effects
manifest themselves in the oscillations of the visible tip
height depends on the actual tip shape (about 5% for the
present study and up to 10% for the data in Ref. [25]).

(iv) It is worth noting that pronounced changes in
the apparent heights of monatomic steps on ultrathin
Pb(111) films were reported by Su et al. [5] and explained
in terms of structural relaxation of islands with even and
odd numbers of monolayers (N = 5,6 and 7). However,
they did not study the effect as a function of bias voltage.

(v) According to figure 4b, the oscillations in dI/dU
become less pronounced with increasing bias voltage and
become indistinguishable at high bias voltages exceed-
ing the work function (~ 3.8eV). It is reasonable to as-
sume that the bias dependence of the apparent step height
should be suppressed at |e|]U 2 4 — 5 eV. However, reli-
able topographic data that would either confirm or refute
this conclusion are not yet available.

(vi) According to figures 2 and 3d, the apparent height
of the Pb(111) bilayer step for bias voltages around 0.5 —
2V should be less sensitive to the voltage variations than
the apparent height of the Pb(111) monatomic step.

Conclusion

Using low-temperature scanning tunneling microscopy and
spectroscopy, we have investigated the bias dependence of
the apparent height of Pb(111) steps formed by flat ter-
races of 30-32 monolayers thick. Our results show that
the apparent height of a monatomic step on the Pb(111)
surface, as measured by single-point z — U spectroscopy
in constant-current mode, oscillates with bias voltage U.

We attribute this behaviour to the resonant tunneling
through quantum-well states in thin Pb(111) films. The
extrema in the apparent heights occur near crossings of
the terrace-resolved differential conductances. We further
find that the apparent height of the bilayer step is close
to twice the bulk Pb(111) interplanar spacing within ex-
perimental uncertainty.
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