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Imaging doubled shot noise in
a Josephson Scanning
Tunneling Microscope

This chapter has been published as Physical Review B 100, 104506 (2019)

We have imaged the current noise with atomic resolution in a Josephson scanning
tunneling microscope with a Pb-Pb junction. By measuring the current noise as a
function of applied bias, we reveal the change from single electron tunneling above
the superconducting gap energy to double electron charge transfer below the gap en-
ergy when Andreev processes become dominant. Our spatially resolved noise maps
show that this doubling occurs homogeneously on the surface, and also on impurity
locations, demonstrating that indeed the charge pairing is not influenced by disrup-
tions in the superconductor smaller than the superconducting coherence length.
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4.1. INTRODUCTION

The coupling between two macroscopic superconducting electrodes through an in-
sulating layer can lead to a dissipationless current called the Josephson supercurrent.
The critical current I¢ is the maximal supercurrent that the junction can sustain;
it is related to the individual superconducting order parameters in both electrodes,
as well as their coupling [1]. In the zero-voltage limit, this supercurrent is carried
by paired electrons (Cooper pairs), carrying twice the electron charge e. Applying a
bias voltage Vp larger than twice the pair-breaking gap energy A, eV > 2A, over the
junction results in a normal current carried predominantly by quasiparticles with a
single-electron charge (Fig. 4.1.b). In the energy range below the gap edge, only the
so-called Andreev reflection processes can transport the quasiparticles across the
junction by reflecting particles carrying the opposite charge. These processes lead to
the effective charge transfer of multiple electron charges [2-4]. In the energy range
A < eVp < 2A, the dominant process is a single Andreev reflection leading to the
transfer of effectively double the electron charge, as illustrated in Fig. 4.1.c.

One cannot tell from the time-averaged value of the current whether it is carried by
multiple integers of charge, but this becomes apparent when measuring the fluc-
tuations of the current, or in others words, the current noise [5-10]. In general,
the noise originating from the flow of uncorrelated particles in a tunneling junction
(shot noise) is a purely Poissonian process. The current noise power Sy is then pro-
portional to the charge g and the current I of the carriers, S = 2¢g|I| [5]. At lower
bias voltages, when Andreev processes become relevant, the transferred charge in a
Josephson junction can effectively double and therefore the noise is also expected
to be two times the Poissonian value [11, 12]. Spectroscopic noise measurements in
mesoscopic systems have revealed such noise signatures of multiple electron charge
transport in superconducting junctions associated with Andreev processes [6-10], as
well as fractional charges in quantum hall systems [13, 14] and the vanishing of shot
noise at atomic-scale point contacts [15-17].

In this chapter we perform such noise spectroscopy measurements spatially resolved
with atomic resolution in a Josephson scanning tunneling microscope. We use
our recently developed scanning tunneling noise microscopy (STNM) technique to
spatially resolve the current and its time-resolved fluctuations simultaneously with
atomic resolution , as discussed in chapters 2 and 3 [18]. We first demonstrate the
current noise doubling from single to double charge transfer below the gap edge in a
junction between a superconducting Pb tip and a Pb(111) sample. We then visualize
this noise enhancement by spatially mapping the effective charge transfer over the
sample surface. We show that it is homogeneous over the sample surface, also in-
cluding impurity locations, demonstrating that the charge pairing is not influenced
by disruptions smaller than the coherence length (¢ ~ 80 nm in Pb).
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Figure 4.1: a. Schematics of a Josephson scanning tunneling microscope. The SIS junction consists of a
Pb-coated tip (Atip = 1.31 meV) and an atomically flat Pb(111) surface (Asample = 1.35 meV) separated
by a thin vacuum barrier. b. Normal current carried by quasiparticles transferring single electron charge.
The characteristic density of states of both superconducting electrodes are shown, with filled and empty
states denoted by blue and yellow separated by the pair-breaking gap 2A¢jp/sample- - Andreev reflection
process. An electron transfers a Cooper-pair into the superconducting condensate by reflecting a hole in
the opposite direction, effectively transferring 2e charge.

4.2. EXPERIMENTAL SETUP

A schematic of our setup is shown in Fig. 4.1, where a superconducting STM
tip is brought in tunneling contact with a superconducting sample to form a
superconductor-insulator-superconductor (SIS) junction. We create this junction
in our modified low-temperature (2.2 K) Unisoku USM-1500 STM setup. First, the
Pb(111) single crystal surface is cleaned by repetitive cycles of Ar* sputtering at 1 kV
with an Ar pressure of 5.0 x 10~> mbar (background pressure < 1.0 x 1071 mbar) and
annealing. We then push the mechanically grinded Ptlr tip into the surface to dec-
orate it with a superconducting cluster of Pb atoms until we obtain a SIS junction
(19-21].
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4.3. JOSEPHSON TUNNELING SPECTROSCOPY

To demonstrate the high quality of the SIS junction in our setup, we display its dis-
tinct spectroscopic signatures for varying normal state resistance Ry (by adjusting
the bias and current setpoint) in Fig. 4.2. The first signature is visible in the single
particle channel, where quasiparticles with energies larger than the pair-breaking
gap transfer the charge. The tunneling spectra in Fig. 4.2.a show sharp coherence
peaks, which are located at energies equal to the sum of both superconducting gaps
of the tip and the sample 2A = A¢p + Agample = 2.66 meV. The clear U-shaped gap
at 13.6 MQ can be used as a benchmark for bulk-like superconducting properties
of the tip and, also considering the low conductance, indicates that only a single
transmission channel is present [22]. Due to the sharp density of states of the super-
conducting tip, the spectroscopic features are much sharper than one would expect
from conventional thermal broadening [19]. We can fit these spectra with a modified
phenomenological gap equation [23] to extract an effective electron temperature of
2.2 K, which is similar to the measured phonon temperature, as electron-phonon
coupling is still rather efficient at these temperatures.

The next signature stems from Andreev processes that are visible at lower junction
resistances. These lead to a sub-gap structure with humps in the differential con-
ductance. Specifically, at energies below 2A/n, Andreev processes of order n become
possible with the relative probability 7”*!, where 7 is the transparency of the junc-
tion. A small hump, indicated by the black arrows in Fig. 4.2.a-b, is visible in the
differential conductance when the order of the lowest-allowed Andreev reflection
process changes [2, 3].

The spectroscopic signatures related to the Josephson supercurrent in the junction
are observed in the differential conductance at energies close to the Fermi level Er: a
peak that is enhanced with decreasing Ry, and small oscillations around the central
peak (Fig. 4.2.b). To understand these, we first survey the energy scales in our setup.
The capacitive energy Ec and the thermal energy are larger than the Josephson en-
ergy E;. Therefore, the environmental impedance becomes a relevant quantity, and
thermal phase fluctuations across the junction govern the Josephson current, shift-
ing the maximum current to a non-zero bias [24]. Close to the Fermi energy Er we
access the Cooper-pair channel associated with the coupling between the two super-
conducting condensates. The prominent peak at Er in Fig. 4.2.b, corresponding to
the local maximum in the current in Fig. 4.2.c, originates from the phase fluctuating
Josephson current [21, 24]. Both the maximum Josephson current and the differen-
tial conductance at zero bias are proportional to the square of the intrinsic critical
current of the Josephson junction. The critical currents we obtain for these spec-
tra show a linear relation with Ry and are consistent with the Ambegaokar-Baratoff
formula (Fig. 4.2.d) [25]. We also note the small oscillating features in both the con-
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Figure 4.2: a. Differential conductance spectra multiplied by the normal state resistance acquired for var-
ious setup conditions. Sharp coherence peaks can be seen at eVp/A = +2. The increasing conductance
around eVp/A = +1 (arrows) with various normal state resistance indicates the presence of Andreev pro-
cesses. Curves are offset for clarity. b. Zoom in at the low energy features in the differential conductance
spectra. The prominent peak at the Fermi energy that rises with decreasing Ry is a signature of the Joseph-
son supercurrent. Curves are offset for clarity. c. Current-voltage characteristics acquired simultaneously
with the spectra shown in panel (b). d. Critical supercurrent of the junction (points) and its quantitative
agreement with the Ambegaokar-Baratoff formula (red dashed line).
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ductance and the current spectra stretching far out to ~ 1 meV, originating from cou-
pling of the junction with its dissipative electromagnetic environment, previously
explained by a tip-induced antenna mode [21, 26].

4.4. NOISE SPECTROSCOPY

We now come to the central part of this chapter, where we visualize the doubling of
the current noise in this scanning Josephson junction using STNM. The central chal-
lenge for measuring current noise in a conventional scanning tunneling microscope
(STM) is that the temporal resolution is generally limited to only a few kHz, because
the combination of the high impedance (~ GQ) tunnel junction and capacitance of
the interfacing cables (~ 100 pF) form an inherent low-pass filter. As a consequence,
STM usually provides a static, time-averaged picture, lacking information about pos-
sible dynamical phenomena in the junction [27], especially when requiring atomic-
resolution scanning.

Our noise measurement apparatus, described in detail in chapter 2 [18], builds upon
earlier high-frequency STMs [28-30] but is based on a superconducting LC resonat-
ing circuit that is connected to the Josephson junction, as illustrated in Fig. 4.3.a.
Current fluctuations in the junction are converted into voltage fluctuations at reso-
nance of the LC circuit, which are then amplified by the custom-built cryogenic am-
plifier [31] into a 50 Q line. To illustrate how we extract the magnitude of the current
noise in the junction, we plot several curves of the measured power spectral density
in Fig. 4.3.b for various bias voltages. To mitigate the effect of a non-linear differential
conductance on the effective resonator impedance, one needs to separate the mea-
sured signal into the noise components [18, 32]. The total measured voltage noise
is

ST (0, V) = G?| Zyes|* S, (4.1)
where G is the total gain of the amplification chain, Z..s the impedance of the res-
onating circuit and S; the total current noise in the circuit. The strong influence of
the highly non-linear differential conductance on the total impedance of the res-
onator is also illustrated in Fig. 4.3.b, where the clear change of the measured
power spectral density for varying bias voltage is due to the simultaneously changing
impedance of the resonator and the amplitude of the noise as a function of bias.

After correcting for the non-linear differential conductance, the total current noise

equals

qV N 4kpT
2’CB T | Zres|
where g is the effective charge, T is the effective temperature and Samp is the input

noise of the amplifier. The first term represents the shot noise in the junction and the

S1(I) =24gl|I|coth + Samp» (4.2)
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second term represents the thermal noise. The black curves in Fig. 4.3.b represent
fitting of S{,neas (w, V) to the measured noise spectra, which we then use to obtain a
value for the effective charge g transferred across the junction.
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Figure 4.3: a. Measurement circuit of STNM, which allows for spatial mapping of the current fluctuations
with atomic resolution. Superconducting niobium (T¢ = 9.2 K, indicated in blue) inductors are used for
the resonating circuit. b. Power spectral density of the resonator circuit, in a small bandwidth around the
resonance frequency. The different spectra represent various values of the applied bias to the Josephson
junction. Measured data are plotted by the colored lines, the black curves correspond to a circuit diagram
fit via Eq. 4.1.

4.5. DOUBLED NOISE DUE TO ANDREEV REFLECTIONS

We first measure the current noise as a function of energy at a single location. Figure
4.4.a shows the measured current noise power as a function of bias, with the zero-
current noise subtracted to remove the thermal noise component and input noise
of the amplifier: S;(I) — S;(0). The dashed lines indicate the theoretically calculated
shot-noise curves as described above, for effective charge e (blue) and 2e (red). At
large bias voltage the experimental data follows the noise for single-electron tunnel-
ing. However, the current noise clearly doubles from e to 2e at the coherence peak
energy eVp/A = +2. We obtain the effective charge transferred by dividing the mea-
sured noise power by the full Poissonian noise S = 2e|I|coth % (Fig. 4.4.b). Note
that, since we keep the junction resistance R constant, the transmission of the junc-
tion is changing when the bias voltage is reduced, leading to a correction of the effec-
tive g by (1 — 7,,) with 7,, ~ (GoR;)~!/" for small transparencies. The correction, ap-
plied to the data points in Fig. 4.4.b is smaller than the scatter of our data points, due
to the low transparency of our junction. The clear step in effective charge as a func-
tion of applied bias at the gap energy demonstrates that the tunneling current is now
effectively carried by double charge quanta due to Andreev reflection processes. This
is well consistent with theoretical descriptions [2—4, 11, 12] and experimental obser-
vations in mesoscopic devices, where Andreev reflections lead to enhanced noise in
nanofabricated SIS junctions [9, 10] and short diffusive normal metal — supercon-
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Figure 4.4: a. Measured current noise for varying bias voltage acquired at a random location in Fig. 4.5.a,
maintaining a constant junction resistance R; = 13.6 MQ. The dashed lines represent the calculated val-
ues for an effective charge equals e (blue) and 2e (red). b. Effective charge transferred through the Joseph-
son junction for varying bias. The data points represent g = (S(I) — S(0))/2e|I|, similar to the Fano factor.
Dashed lines indicate g = e and g = 2e lines. The black arrows indicate the bias voltage of the spatially
resolved noise maps of Fig. 4.5.

ductor contacts [6, 8], but have never been seen in a STM setup or at such low trans-
parencies. In the present project, we use transparencies of 7 ~ 1073 — 10~* leading
to a single channel of transmission, whereas in mesoscopic devices usually multiple
channels of 7 ~ 10~ ! are involved.

4.6. SPATIALLY RESOLVED NOISE DOUBLING

Finally, we apply the spatial mapping capabilities of our STNM setup to resolve this
doubling of the noise over the sample surface with atomic-scale resolution. Fig-
ure 4.5.a shows a topographic image of the Pb(111) surface in a 12,5 nm field of
view, including a hexagonal shaped impurity previously identified as a sub-surface
Ar nanocavity [33]. Next to locally reducing the scattering length, this nanocavity
located beneath the surface also vertically and laterally confines charge carriers on
a few nanometer length scale. We performed the noise-spectroscopy measurement
in the same field of view by scanning the tip over the surface while simultaneously
measuring the current noise. The spatially resolved noise maps at various bias volt-
ages shown in Fig. 4.5.b-d, exhibit a homogeneous contrast at energies above the
pair-breaking gap energy, as is expected for transfer of uncorrelated particles. Below
the superconducting gap energy we again observe homogeneous contrast, but now
at an elevated value of the noise power around an effective charge equal to 2e. While
we observe a strong contrast in the topography, these spatially resolved noise maps




54

4. IMAGING DOUBLED SHOT NOISE IN A JOSEPHSON STM

C.

e.

# counts

1.5 2 25 3
qle]

Figure 4.5: a. Topograph of 12,5 nm field of view on the Pb(111) surface, including a hexagonal shaped
Ar nanocavity. b-d. Spatial imaging of the effective charge for various bias voltages measured in feedback
with a normal state resistance Ry = 13.6 MQ. The spatially resolved noise maps show homogeneous g = e
noise for eVp > 2A (4.0 (b) and 3.0 (c) meV) and g = 2e noise for eVp < 2A (2.0 meV (d)). e. Distribution of
the effective charge for each spatial noise map, obtained by fitting a normal distribution to the histogram
of each panel.

show that the doubling occurs homogeneously over the surface, also on the location
of the nanocavity. This demonstrates that disruptions in the superfluid, due to local
confinement of the charge carriers or scattering on the nanocavity [33], on length
scales smaller than the superconducting coherence length (£ ~ 80 nm in Pb), do not
influence the charge pairing, since the spatially resolved current noise is unaffected.
This finding is in line with STM experiments showing that Andreev reflections are
virtually unaffected by small diameter molecules [34].
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4.7. CONCLUSIONS AND OUTLOOK

In this chapter we measured doubled shot noise caused by Andreev reflections in a
Josephson scanning tunneling microscope using noise spectroscopy measurements.
We spatially resolved this doubling with atomic-scale resolution on the surface of
the conventional superconductor Pb(111). The ability to spatially resolve the charge
dynamics with such precision opens new paths for investigating many-body correla-
tion effects in quantum materials.

Aswe have seen in chapter 3, scanning noise spectroscopy led to a novel understand-
ing of cuprate high-temperature superconductors, where the discovery of charge
trapping dynamics suggests a picture of copper-oxide planes separated by thin in-
sulating layers within the three-dimensional superconducting state [35, 36]. But the
list of potential for STNM is a continuously growing one; we believe that atomically
resolved noise measurements will also reveal new insight in fluctuating stripe order
[37] and pre-formed pairing in the pseudogap regime [38, 39]. One could imagine
a similar experiment like the one presented in this chapter being performed on a
cuprate high-temperature superconductor. If the sample would be in the supercon-
ducting phase one would expect to measure similar noise doubling as for the Pb-Pb
junction in this chapter, but then with on of the gaps Asample shifted to the relative
value of the cuprate superconductor. The real interesting question would be what
will happen if one would then tune the cuprate sample into the pseudogap regime.
This phase is sometimes considered to be a precursor phase of superconductivity,
hosting pre-formed pairs [39, 40]. A direct measurement of the effective charge of
the carries would help to resolve the real nature of this phase.

Further examples of potential experiments where our scanning noise technique
could lead to new insights include Kondo effects in heavy fermion systems, where
the shot noise exhibits a characteristic bias dependence arising from Kondo screen-
ing, depending on the ratio of the different tunneling amplitudes [41, 42]. Finally,
similar noise investigations as presented in this chapter could also reveal signatures
of Majorana zero-modes in one-dimensional chains of atoms on a superconducting
surface [43, 44].
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