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ABSTRACT

Local shot noise spectroscopy with scanning tunneling microscopy (STM) has proven to be a powerful technique to investigate the electronic
properties of quantum materials. It provides direct and non-invasive insight into the tunneling charge quanta or dynamics at the atomic scale.
Due to the typically weak noise signal and the presence of low frequency spurious noise, local noise experiments require a high-resolution
measurement amplifier. Here, we present a newly developed high-resolution noise amplifier that we implemented in three different STMs.
Compared to our previous generation, we obtain more than a 20-fold improvement in the noise resolution, allowing us to resolve values of the
effective charge as small as 0.01e. Our amplifier opens new possibilities for studying electronic properties in novel materials such as d-wave
superconductors. In addition to this, it can give direct information about the local electron temperature in STM experiments.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0300260

I. INTRODUCTION

Quantum materials often exhibit a plethora of exotic behav-
iors. Notable examples include the emergence of superconductivity,
where resistance vanishes below a material-dependent critical tem-
perature (T¢), and the fractional quantum Hall effect, characterized
by the quantization of Hall conductance to fractional values of the
quantum of conductance in two-dimensional electron systems.

One of the methods to experimentally probe the electronic
properties of quantum materials is noise spectroscopy. Shot noise
arises from the discrete nature of electric charge carriers and their
probabilistic transport across potential barriers, leading to fluctu-
ations in the current.! This noise can contain information about
electronic correlations and dynamical phenomena. Shot noise has

been used to directly detect, for example, the effective charge in
Andreev reflections,” " the fractional charge of the quasiparticles in
the fractional quantum Hall effect (FHQE),”® and Coulomb inter-
actions in quantum dots.”” In addition to this, it can also give
information about the fundamental noise floor in nonlinear super-
conducting readout/detector circuits.” In a tunnel junction, shot
noise can give information about the correlations in the tunnel-
ing events. In the limit of low transparencies, the zero-temperature
power spectral density of current shot noise in a tunnel junction
is given by' S = 2gI, where q is the effective charge of the carriers
and I is the time-averaged value of the current. The effective charge
encodes information about the statistical distribution of the tun-
neling events in time. Uncorrelated processes would lead to g = 1e,
whereas in the presence of strong electronic correlations g # le.

Rev. Sci. Instrum. 97, 023701 (2026); doi: 10.1063/5.0300260
© Author(s) 2026

97, 023701-1

62 19T 19T 9202 |!4dv 0z


https://pubs.aip.org/aip/rsi
https://doi.org/10.1063/5.0300260
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0300260
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0300260&domain=pdf&date_stamp=2026-February-3
https://doi.org/10.1063/5.0300260
https://orcid.org/0009-0009-6681-6380
https://orcid.org/0000-0002-4199-9629
https://orcid.org/0000-0002-5772-5796
https://orcid.org/0000-0003-0494-7026
https://orcid.org/0009-0007-8015-0285
https://orcid.org/0009-0001-5694-4321
https://orcid.org/0000-0003-3201-7301
https://orcid.org/0000-0002-5437-1945
mailto:i.swart@uu.nl
mailto:milan.allan@lmu.de
https://doi.org/10.1063/5.0300260

Review of

Scientific Instruments

Including thermal effects, the power spectral density of shot noise
through the junction takes the following form:'’

qV
S=2qI coth(szT), (1)
where V is the voltage applied across the junction, kg is the Boltz-
mann constant, and T is the temperature. When gV <« 2k3T, we
obtain the thermal contribution to the junction noise S = T
It is important to note, however, that not all forms of relevant
noise are captured by Eq. (1); examples include super-Poissonian
noise,' '? telegraph noise, " '° and other fluctuations that can domi-
nate the junction noise and provide information about the electronic
properties of the materials.'®

Recently, shot noise readout was combined with scanning tun-
neling microscopy (STM) to realize noise-STM." " Noise-STM
allows shot noise measurements on the atomic scale, which can
offer a deeper understanding of how spatial inhomogeneities,’' local
defects, and impurities'"'”** can influence the electronic states,
and yields information on pairing."*"**** Moreover, the STM often
operates in the limit of a single transmission channel with tun-
able junction transparency, providing information on superconduc-
tors more reliably than mesoscopic devices, which feature multiple
parallel channels.”” However, noise-STM requires an extremely

(c)

1-Sample bias

3 - HEMT bias line
2-DC current output 4 -AC current output
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high-resolution amplifier due to the small shot noise signal of the
junction (typically, currents of less than 1 nA are used, which cor-
responds to a noise power of ~320 fA?/Hz) compared to the large
low frequency mechanical and 1/f noises in the STM.?° Here, we
present a high-resolution cryogenic amplifier for noise-STM, which
shows a 20-fold resolution improvement with respect to our pre-
vious study.!” This allows us to measure variations in the effective
charge as small as 0.01e, which is of special relevance to capture
correlation effects in systems where both correlated and uncorre-
lated electrons contribute to the tunnel current, such as in d-wave
superconductors.

Il. OVERALL DESIGN OF THE CRYOGENIC AMPLIFIER

We begin by describing the basic design of our cryogenic ampli-
fier. Its development requires special considerations, as noise-STM
presents different challenges compared to conventional mesoscopic
devices. In particular, the junction resistance in STM is much
higher (MQ — GQ) than the typical values of mesoscopic devices
(Q - kQ). This junction resistance, together with the wire capaci-
tance, will form a low pass filter with a bandwidth from DC to a
few kilohertz, where mechanical and 1/f noises are dominant. To
circumvent this, we designed a new, ultra-sensitive amplifier based

R6

Ccé6

R4

T

66 uH cé 220 nF

66 uH Cc7 39nF

2mH | R1 100
100 pF | R2 10 Q
InF | R3 | 1497kQ

10pF | Ra | 4970

220nF | RS 1kQ

220nF | R6 51 kQ

FIG. 1. Design of the newly developed high-resolution cryogenic noise amplifier. (a) Top-loading insert of the custom-built 4.2 K STM system. (b) Photograph of the STM
head and integrated cryogenic low-noise amplifier. (c) Schematic diagram of the amplifier circuit shown in (b); component values are listed in the accompanying table.
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on our earlier design and implemented it in three STMs [an ultra-
stable home-built STM at 4.2 K,”” a UNISOKU Ltd USM1300 with
a base temperature of 340 mK and equipped with a vector magnetic
field (2/2/9 T), and a UNISOKU USM1500 with a base tempera-
ture of 2.2 K and a magnetic field of 8 T]. Below, we focus on the
implementation in the home-built setup unless noted otherwise.

Figure 1 shows an overview of the insert of our home-built
setup, with the STM head and cryogenic amplifier located at the
bottom [see Fig. 1(b)]. The circuit, including the STM junction,
cryogenic amplifier, and the wiring to room temperature, is shown
in Fig. 1(c). The amplifier contains two LC resonator tanks (L1 and
L2) with a resonance frequency of 4.2 MHz and a high electron-
mobility transistor (HEMT).”®*” Each LC resonator is formed by the
inductance of a superconducting niobium (Nb) coil and its corre-
sponding parasitic capacitance. The Nb wire is laser-welded to a Cu
wire, which is then soldered to the printed circuit board (PCB). The
PCB is mechanically mounted to a gold-plated, oxygen-free copper
frame, which is thermally anchored to the liquid helium bath of the
cryostat.

The DC current goes directly to the conventional STM feedback
system, allowing simultaneous high-frequency noise measurements
and regular STM operation. The current noise at the resonance
frequency is amplified and converted into voltage noise by the cryo-
genic HEMT amplifier (CryoHEMT, model 5pch”™), which has been
extensively characterized in the literature.”””"*” In the circuit, R1,
R2, and C3 are used to improve the stability of the amplifier circuit.
R3 is the source resistor, R5 is the drain resistor, and R4 is the output
impedance of the amplifier. R6 combined with C7 is a low temper-
ature low pass filter to improve the stability of the HEMT working
bias. We note here that our amplifier does not amplify the voltage of
the signal, but—because the output is 50 Q while the input is high
ohmic (MQ-GQ)—it does amplify the power. Next, our noise signal
is amplified by a commercial room temperature amplifier (FEMTO
HAS-X-1-40) and recorded by a spectrum analyzer (Zurich Instru-
ments HF2LI or MFLI). From the measured voltage noise (S7) at the
spectrum analyzer, we obtain the current noise (S;) at the junction
by inverting the following equation:

SV = G| Ziu| +SI" + BGy, @

where G is the total effective gain of the amplifier chain,
Ziot = Z1c/ /R}i’ff is the total impedance of the LC resonators Z;c,

and the differential junction resistance of the STM R;.iiff . The total

current noise S = §; + BG! includes both the shot noise from the
STM junction (S7) and the effective background current noise from
the amplifier (BG}). BGy is the effective background voltage noise of
the amplifier chain and spectrum analyzer.

I1l. BASIC AMPLIFIER PROPERTIES: Q FACTOR,
RESONANCE FREQUENCY, SATURATION CURVE,
AND CIRCUIT IMPEDANCE

In this section, we will present the basic information about
our amplifier. The HEMT saturation curve and circuit resonances
measured at two different temperatures are shown in Fig. 2. The
blue and red lines in Fig. 2(a) correspond to the saturation curves
{Iy vs Vygmr, where Iy, is the source-drain current of the HEMT
and Vypur is the voltage applied to the amplifier bias input [port

ARTICLE pubs.aip.org/aip/rsi
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FIG. 2. (a) Current-voltage (I-V) characteristics of the HEMT measured at 77 K
(blue curve) and 4.2 K (red curve). (b) Frequency-dependent voltage gain of the
cryogenic amplifier at 77 K (blue curve) and 4.2 K (red curve), corresponding to
the Viyemr = 235 mV indicated by the blue and red markers in (a).

3in Fig. 1(c)]} at 4.2 and 77 K, respectively. The saturation curves
indicate the bias at which we find the optimal working point of the
HEMT.

The measured frequency response of the voltage gain for each
of these temperatures at a HEMT bias of 235 mV [indicated by the
blue and red markers in Fig. 2(a)] is shown in Fig. 2(b). The blue
curve is measured at 77 K, with an input root-mean-square volt-
age amplitude (Vrus) of 400 uV applied to the STM bias [port 1
in Fig. 1(c)] through a frequency sweeping AC voltage generator
of Zurich Instruments HF2LI. The red curve is obtained at 4.2 K,
below T. of the Nb coils (Tc ~ 9 K), and input Vrms = 30 V. The
quality factor (Q-factor) increases significantly when the tempera-
ture cools below T, which increases the signal amplitude and the
resolution of our amplifier.

The HEMT power dissipation is minimal: with an operating
voltage of 235 mV and a current of 63.6 pA, the total power con-
sumption is P = 14.9 uW. This very low dissipation ensures that the
cryostat temperature remains stable during all measurements.

To achieve our goals, we have implemented several design
changes. The homemade superconducting inductors are made by
cross-winding niobium wire (diameter 0.1 mm) around a custom-
designed glass-ceramic (Macor) frame, and each of them has an
individual Nb shield around it to prevent eddy current dampening,
as shown in Fig. 1(b). The amplifier is designed in such a way that
the distance to the STM is minimized, reducing the length of the wire
(8 cm) connecting the tip and amplifier, and hence, its capacitance
(29.5 pF/ft). This allows us to obtain a higher resonance frequency
with a higher Q-factor of the overall circuit, shifting the working
point of the amplifier further away from the 1/f noise contribu-
tion and, therefore, improving the signal-to-noise ratio. As a result,
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the Q-factor of our amplifier reaches ~2000 at 4.2 MHz, signifi-
cantly exceeding the reported value of ~700 at 3 MHz'” and ~25
at 1 MHz."® In addition, the circuit contains several low pass fil-
ters (details below), as shown in Fig. 1(c), to decouple the cryogenic
amplifier from spurious room temperature noises like thermal noise.
The output impedance of the cryogenic amplifier (50 Q) is designed
to match that of the cabling leading to the room temperature ampli-
fier. CuNi-based semirigid coaxial cables and high-frequency SMA
connectors are used to connect the cryogenic part of the circuit to
the room temperature amplifier.

Figure 3(a) shows the broad bandwidth spectral density of the
noise signal measured with the STM tip retracted (Ipc = 0 nA, Ipc
being the current through the STM tunnel junction, applied via port
1—sample bias). The spectral features at frequencies below 1 MHz
and above 5 MHz are due to the room-temperature bandpass fil-
ters (Mini-Circuits ZFHP-1R2-S+ and BLP-5+), which shape the
PSD based on the reflection principle. The two resonances observed
at 1.5 and 4.2 MHz are generated by the double tank circuit. The
relative amplitude of the two resonances is mainly determined by
the coupling capacitor C;. For precise noise measurements, the
resonance with a higher frequency is used, as 1/f noise is more
prominent at lower frequencies. A demodulator at f = 4.2 MHz is
applied, enabling us to measure more spectral data points centered
around the resonance, which also improves the noise resolution, as
shown in Fig. 3(b). More information about how the demodulator

(a)

ARTICLE pubs.aip.org/aip/rsi

downconverts and processes the signal can be found in Ref. 33.
The power spectral density (PSD) is measured with a bandwidth of
400 kHz and consists of 65 536 frequency points. The data are aver-
aged over 5 min, with a total of 2000 spectra. To extract the noise
power Sy, this spectrum is fitted with Eq. (2). The resulting fit line is
shown as a black dashed line in Fig. 3(b). G and BG{ are calibrated
on an Au(111) surface by measuring shot noise at different biases.
Figure 3(c) shows the time evolution of S; for 1, 1.25, and
1.5 mV bias voltages with a fixed junction resistance R; = 12.5 MQ.
Each of the data points is the outcome of fitting the resonance that
has been averaged for 5 min. The state-of-the-art stability of the
measurements can be observed from the fluctuations around the
time averaged value of S;, which have a spread of only ~3 fA?/Hz
To enhance the stability of the amplifier, low-pass filters were added
to both the amplifier bias and STM bias lines to suppress external
electrical noise, as we discussed earlier. In addition, the amplifier
operates at low power and is well thermalized to the cold bath, with
a stabilized dewar pressure to prevent temperature fluctuations over
time. The resolution of S; is estimated from the standard deviation
of these points, o, which varies with averaged time [Fig. 3(d)]. At
an averaging time of ~10 min, the standard deviation of our cur-
rent amplifier is ~0.5 fA?/Hz, about 20 times smaller than the ~10
fA?/Hz estimated from our previous study'” under similar mea-
surement conditions. We can also estimate the uncertainty in the
extracted value of the effective charge at a given current by o/2el.

10-131

10714}

Power Spectral Density (V?/Hz)

10—15_
1 2 3 4 5 6 7 8
Frequency (MHz)

(b) g 1 501e=12 (C) 1e-29 5 (d) _
= 40f © o ) <
o @ o
> 1250 % W %P ol e 8 g
el —_ ‘.'.ﬂ. ."b 0.1 E?
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FIG. 3. (a) Large-bandwidth power spectral density of the measured signal with the cryogenic noise amplifier at 4.2 K and Vyeyr = 235 mV. (b) Power spectral density
measurement (pink curve) and fitting model (black dashed line) of a small bandwidth around the highest resonance frequency at4.23 MHz. (c) Current-noise measurements
as a function of time. Each point is obtained from fitting the power spectral density curve with Eq. (2) at a STM bias voltage of 1 mV (yellow points), 1.25 mV (pink points),
and 1.5 mV (blue points) for a measure and for an averaging time of 5 min. (d) Standard deviation and estimated sensitivity of the current noise fluctuations in time for
different averaging times. The sensitivity indicates the effective charge resolution and is estimated from the shot noise formula S = 2ql, for a typical current of 200 pA.
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For a typical tunneling current of 200 pA, the corresponding effec-
tive charge resolution is shown on the right y axis of Fig. 3(d). It
decreases below 0.01e for averaging times longer than 5 min.

IV. HIGH-RESOLUTION SHOT NOISE SPECTROSCOPY
ON A METAL AND A SUPERCONDUCTOR

Figure 4(a) shows noise measurements as a function of tunnel-
ing current on an Au(111) surface, as well as the resolved effective
charge [Fig. 4(b)]. During the measurement, the STM junction resis-
tance is constant (R; = 1 GQ), and the feedback is enabled to achieve
optimal junction stability. The data were collected with both the pre-
vious amplifier (yellow dots)” at 2.3 K and our present amplifier
(blue dots) at 4 K, with all other measurement parameters, such as
averaging time (~10 min), kept the same. The increased sensitivity
to shot noise allows us to resolve much smaller deviations in the
effective charge.

When tunneling into a superconductor, Andreev reflections
contribute to the noise signal by effectively transferring charge in
units of 2e, thereby doubling the noise compared to single-electron
tunneling processes.” Figures 4(c) and 4(d) display the measured
noise and the corresponding effective charge, respectively, as a func-
tion of bias voltage for a niobium diselenide (NbSe;) sample. The
data are obtained at 340 mK using a UNISOKU Ltd. USM1300 sys-
tem, with a metallic tip and a constant DC junction resistance of
1.5 MQ. A clear enhancement in noise due to Andreev processes
is observed at low bias voltages, below the superconducting gap
(A =10 meV), where the effective charge smoothly transi-
tions toward 2e. This represents a significant improvement over

ARTICLE pubs.aip.org/aip/rsi

previous studies, since a 2e effective charge in noise STM has only
been reported using superconducting tips."**”**

Beyond the conventional superconductors, the improved res-
olution demonstrated here opens the possibility for investigating
systems in which correlated electron processes contribute only a
small fraction of the total tunneling events, such as in cuprate high-
temperature superconductors,”’ where both le and 2e processes
coexist, and the resulting enhancement of the effective charge can
be as small as a few percent of the electron charge.

V. PERFORMANCE UNDER MAGNETIC FIELD

The performance of the shot noise amplifier was evaluated in
a UNISOKU Ltd. USM1300 system under varying magnetic field
strengths to assess its stability and reliability. Figure 5(a) shows
the Q-factor of the resonance, extracted from PSD measurements,
as a function of magnetic field in the Z-axis (perpendicular to the
sample). We performed these measurements at 1.8 K with the tip
retracted, using 2000 averages per point (~5 min per measurement).

To facilitate experiments in strong magnetic fields, the ampli-
fier is positioned ~20 cm above the center of the magnetic field. At
the amplifier’s location, the magnetic field strength is much lower
than at the sample site, enabling high-field measurements while min-
imizing the impact of the field on amplifier performance. This design
ensures that the amplifier remains stable and maintains high res-
olution even under strong magnetic fields. As the magnetic field
increases, the Q-factor gradually decreases, likely due to eddy cur-
rent damping induced by the external magnetic field. The inset
displays PSD curves as a function of frequency, each taken at a
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FIG. 5. Magnetic field-dependent noise
measurements. (a) Quality factor of the
resonance extracted from fits to the
noise power spectral density at magnetic
field strengths from 0 to 8 T. Example
fits for 0, 4, and 8 T are shown in the
inset. (b) Effective charge as a function
of tunneling current measured on a gold-
on-mica sample at magnetic fields of 0 T
(dark purple) and 6 T (green).

R 1.100
1080}
[ ] [ ]
° 1.050
o
_ 1060}
5 12 ° O :
3 -3 < 1.000} |,
o F 10 IS
1040f S °
o 08/
e ool ' 0.950}
1020 5798 2.800 2.802 °
Frequency (MHz) o
0 2 4 6 8 0.9007

B field (T)

different magnetic field strength. These curves show a shift in res-
onance frequency with increasing field, while the overall resonance
remains well-defined.

Importantly, the magnetic field has only a minor effect on the
Q-factor and negligible impact on the amplifier’s effective charge
resolution. This is further demonstrated in Fig. 5(b), which presents
the effective charge obtained from noise measurements on an
Au(111) as a function of tunneling current at 0 T (dark purple)
and 6 T (green). The effective charge resolution remains similar
for both measurements, confirming that the amplifier maintains its
performance in magnetic fields up to at least 6 T.

VI. LOCAL ELECTRON TEMPERATURE THERMOMETER

Our shot noise STM also offers an additional novel appli-
cation as an atomic scale electron-temperature thermometer. The
electron temperature of the STM junction is difficult to measure,
and it may not be identical to the base temperature of the system
because of combinations of local Joule heating, limited filtering,
and poor electron-phonon temperature equilibration. Often, the
system’s electron temperature is extracted from a model-dependent
fitting of the STS spectra of a superconducting sample and/or with
a superconducting tip.”* However, this method is imprecise, as it
depends on the specific model used for fitting.”*’ Furthermore, this
method cannot be used for non-superconducting but still important
classes of materials such as metals, semiconductors, and topolog-
ical insulators. Our shot noise STM offers a generally applicable
way to measure the electron temperature directly.'*'” At sufficiently
low bias voltages, the coth factor in Eq. (1) is no longer ignored,
and the shot noise signal is sensitive to the electron temperature
T,. Measuring shot noise S; at low bias (eV < kgT,) can therefore
be used to accurately measure T,. Figure 6 shows the shot noise
measured at a bias range from 3 to —3 mV for two different tem-
peratures on Au(111) with R; = 5 MQ. The blue dots are measured
in our home-built STM with Ty, ~ 4.2 K, and the red dots are mea-
sured in UNISOKU USM1500 with Tj, ~ 2.2 K. As expected, when
elR; ~ 2kpT,, shot noise will show non-linear behavior with cur-
rent I. By fitting the curves, we extract T, = 4.35 Kand T, = 2.51 K,
respectively. These results demonstrate that our ultra-sensitive shot
noise STM provides a more accurate and broadly applicable method

5
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FIG. 6. Noise spectra as a function of tunneling current (for a bias range from
-3 103 mV and a junction resistance of 5 M(2) measured at different temper-
atures. Electron temperatures extracted by fitting the data (black dashed lines)
using Eq. (2) are indicated in the legend.

to measure the electron temperature at the atomic scale, even in
systems where traditional spectroscopic approaches fail.

VIil. CONCLUSIONS

We have developed an improved cryogenic amplifier for STM
based noise measurements and integrated it into three setups. Our
setups allow for the detection of effective charge variations as small
as 0.01e, enabling precise measurements of electron correlations in
novel quantum materials. This advancement opens new possibil-
ities for exploring correlated electron systems, including cuprate
high-temperature superconductors, where both le and 2e tunnel-
ing processes coexist. Beyond noise spectroscopy, our system also
provides a novel method for measuring the electron temperature on
the atomic scale. Our technique enables accurate electron tempera-
ture detection on a wide range of metallic surfaces, offering broader
applicability in nanoscale studies.
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