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APPENDIX

D
Noise reduction

The limiting factor in an STM setup is the noise, which is caused by a combination of
electromagnetic and vibrational noise present at the location of the setup. In the this
appendix these different types of noise will be discussed, as well as how to reduce
them and their impact on the data.

D.1 Electromagnetic noise

Tunneling currents in STM/S experiments are typically on the order of a few tens
to hundreds of pico-Ampères. To detect such small currents with an acceptable sig-
nal to noise ratio, electromagnetic shielding is essential. Two main contributions to
electromagnetic noise in the tunneling signal can be distinguished:

i. noise in the power supply of the system (most predominantly 50 Hz in Europe)

ii. noise induced in the cabling due to external electric and magnetic fields

To reduce (i), it is important to power the measurement equipment from a single
point and to disconnect all non-essential elements. The main power supply can also
be galvanically isolated from the grid by using an isolation transformer. The ad-
vantage of a galvanically isolated main power supply is to break any ground loops,
which are very effective in picking up noise due to external fields. If a balanced
isolation transformer is used, everything but the pure AC power sine wave will be
canceled. Ground loops in the system setup can moreover be prevented by using a
star topology for the ground circuit. Single or double shielded coaxial cables should
be used to reduce noise due to (ii) and all contacts, either BNC connections or sol-
dered, should be robust.

Even though applying these basic system design rules to the setup is a good start,
there might still be considerable noise due to unforseen/unpredictable factors. The
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D. NOISE REDUCTION

various hardware consoles essential for the experiment, for instance temperature
control unit, ion pump power supply etc., all produce their own fields which can be
picked up by neighbouring consoles and thereby introduce noise. Since shielding
each console from the others is difficult, changing the configuration of the consoles
within a rack can make a considerable difference. Achieving the optimal configura-
tion mostly boils down to trial and error.

Lastly, many consoles, for instance ion pump power supplies, use rectifiers to
transform the AC signal from the main power supply to a DC signal. In such recti-
fier circuits, usually one of the two poles is internally connected to ground, leading
to an asymmetry between the poles. Since European power plugs are completely
symmetric, there is a 50% chance of introducing a ground loop by plugging the con-
sole the wrong way around, leading to noise (the same effect can also lead to hum in
radios). Fortunately this type of noise is easily detected and removed by monitoring
the noise as a function of plug orientation.

Figure D.1: Noise analysis while out of tunneling contact: (a) current spectrum over time,
with in the inset a zoom of 6 seconds. The Fourier transform of (a) is shown in (b) from which
the frequencies of the main noise contributions can be extracted. A combination of vibrations
(mainly < 50 Hz) and electromagnetic noise is picked up. (c) and (d) are identical measure-
ments to (a) and (b), but taken during construction work on a nearby building. The arrows
indicate instances where a large drilling machine was slightly moved at the construction site,
at least 100 meter from the STM lab. The rightmost arrow is the point where drilling into the
ground commenced.
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Vibrational noise

D.2 Vibrational noise

Since the STM setup is not suspended from air in a sound proof room, vibrational
noise will always be present. For instance the floor, the air conditioning and venti-
lation system can all transmit vibrations to the STM setup. To reduce the incoming
vibrational noise, the entire system used throughout this research has been placed on
Newport I-2000 nitrogen gas pressurised dampening legs. Although these legs are ef-
fectively dampening vibrations beyond 2 Hz, they unfortunately marginally amplify
vibrations with a frequency less than 2 Hz. At the time of writing, active dampen-
ing solutions, which use piezos to detect and subsequently counter vibrations, are
being investigated in order to remove these low frequency vibrations as well. In the
Createc design, a further mechanical decoupling is effected by suspending the STM
head itself from springs above an eddy current dampener in the vacuum chamber.
Even more improvements could be made by for instance placing the entire setup in
a sound proof room, which in turn can be placed on dampening legs etc..

Given a finite vibrational excitation of the system from the outside world, the
system itself will absorb primarily excitations of a frequency which are an eigenfre-
quency of the system. Of these eigenfrequencies, the most important in the system
used here are the following:

i. STM head suspended from three long springs

ii. entire system on vibrational dampeners

iii. pendulum motion of the inner cryostat

iv. liquid nitrogen cryostat.

The frequencies of these four different vibrations are estimated by Createc GmbH. to
be 2.5 Hz, 2 Hz, 2-3 Hz and 44 Hz, respectively. Changing to an active vibra-
tion dampening is in this case therefore even more advisable since the main eigen-
frequencies of the system are dampened less effectively by the passive pressurised
dampening legs.

To analyse which kind of noise is contributing to the tunneling signal in what
proportion, one has to read out the tunneling signal for a certain period of time. This
can be done while in- or out of tunneling contact with a sample. As there is no closed
current loop in the out-of-contact situation, mainly noise induced by vibrations of
the cables in and to the setup will be picked up. This type of measurement therefore
serves only as an indication of the noise level of the system, merely to determine
whether it is advisable to try to get into tunneling contact with a sample or not. If
the out-of-contact noise is already too high, the in-contact noise will likely not be
better and the tip might be damaged. A typical example of a good out-of-contact I(t)
measurement is shown in Fig. D.1a. From the height and positions of the peaks in
the Fourier transform of this signal, shown in Fig. D.1b, one can immediately see
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D. NOISE REDUCTION

Figure D.2: Noise analysis while in tunneling contact: (a) height spectrum over time, with in
the inset a zoom of 6 seconds. The Fourier transform of (a) is shown in (b) from which the
frequencies of the main noise contributions can be extracted. As the feedback loop is turned
on, the height variations are a response to both vibrational noise as well as electro-magnetic
noise in the tunneling current. Current (c) and differential conductance (d) signal over time
measured with the feedback loop off. In this mode tunneling spectra shown throughout this
work are acquired. Mainly low frequency, vibrational noise is picked up. Panels (e) and (f)
show the Fourier transform of vibration measurements performed at the location of the lab
where the presented research has been performed and at the new location, respectively.

if the noise is electronic (mainly 50 Hz) or vibrational (usually large low frequency
noise) in nature and decide to try to do something about it 1.

1the absolute value of all Fourier transforms shown is defined such that the peak of the Fourier trans-
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Vibrational noise

A striking example of a bad out-of-contact signal and a demonstration of the sen-
sitivity of the setup and the effectiveness of the dampening system can be seen in
the time spectrum and corresponding Fourier transform of Fig. D.1c and d. During
the last half year of the research described in this thesis, construction work began on
a nearby building, approximately 100 meters from the STM lab. At a certain point
holes were drilled and filled with concrete to support the building. The arrows in the
Figure indicate the moment the drill was moved slightly to get into drilling position.
The drilling eventually commenced at the last arrow. As this example clearly illus-
trates, the best time to do measurements is at night and during the weekend, also
without construction work nearby as a passing truck can have similar effects. Most
of the measurements presented throughout this thesis were done outside working
hours for this reason.

The most important noise measurement is obviously in tunneling contact and
consists of two parts, the height signal with the feedback loop on and the tunneling
current with the feedback loop off as a function of time. The first gives the vertical
resolution of the STM, while the latter is an indication of the energy resolution of
the system. Fig. D.2a and b show the variation in height as a function of time and
its Fourier transform, respectively. The main contribution is from a low frequency
vibration, ∼ 1.5 Hz, which is clearly visible in the blowup in the inset to Fig. D.2a
and limits the vertical resolution to a few picometer. The variations in the tunneling
current (Fig. D.2c) and its derivative (Fig. D.2d) taken with the feedback loop off
are basically a direct response of the tunneling current to the changes in height, as
given by Equation (2.1). Therefore these signals, which are the actual signals used
in spectroscopic surveys, are also mainly dominated by the low frequency noise.
Electromagnetic noise, usually in the form of 50 Hz, is nicely shielded as it is only a
minor contribution to the total noise.

At the time of writing of this thesis, the whole physics department of the Uni-
versity of Amsterdam was in the process of moving to a new building. In order to
ensure that the specifications of the new building are the same or better than the old
building, measurements of the vibrations of both the new and old site of the STM
have been performed using the same equipment with identical settings. The striking
result was that the two most dominant noise frequencies in the STM measurements
encountered throughout this work, ∼1.5 Hz and ∼21.5 Hz, which can clearly be dis-
tinguished in Fig. D.2d, are actually vibrations of the (old) building itself, see Fig.
D.2e. At night, when most measurements were performed, the amplitude of these
frequencies are reduced with respect to their daytime contribution, but are still the
limiting factor in height and energy resolution of the system. Preliminary measure-
ments of the vibrations in the new building, see Fig. D.2f, seem to indicate that
the vibrations at the time of measurement (i.e. when the experimental hall was still
nearly empty) in the new building are similar to those in the old building. Together
with an active vibration dampening system, the STM will therefore hopefully per-
form even better at the new location.

form of sin(t) is equal to 1.
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