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Scanning magnetic and thermal imaging using Superconducting Quan-
tum Interference Device (SQUID) fabricated on the apex of a sharp tip has 
attracted great attention because of its record magnetic sensitivity, ther-
mal sensitivity and nanoscale spatial resolution. Many interesting phe-
nomena like vortex dynamics in a superconductor, quantum hall state, 
and heat dissipation in graphene etc. has been investigated using scan-
ning SQUID on tip microscopy. This is one of the most powerful tool for the 
investigation of a wide variety of quantum systems and novel materials.
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Superconducting quantum inter-
ference device (SQUID) is a su-

perconducting (SC) loop having two 
Josephson junctions (Fig. 1a). The 
electrical properties of such a device 
can be modulated by applied mag-
netic flux (Φ) through the loop with a 
universal period called the “flux quan-
tum”, (Φ0) which enables the use of a 
SQUID as magnetometers (Fig. 1b). 
In fact, SQUID is the most sensitive 
device available for measuring the 
magnetic field and has been exten-
sively used in research like measuring 
magnetic susceptibility, small current, 
voltage, studying biological samples, 
superconducting qubits etc. Due to 
its extreme sensitivity to the magnet-
ic field, lots of efforts have been giv-
en in the development of scanning 

SQUID microscopy for magnetic im-
aging to investigate the microscopic 
magnetic structure and interaction 
and to explore many interesting phe-
nomena [1]. However, there are tech-
nical limitations to reduce the size of 
the SQUID sensor and to scan very 
close proximity above the surface of 
a sample; scanning SQUID microsco-
py is lacking special resolution and 
sensitivity. Recently, Prof. Eli Zeldov’s 
group at the Weizmann Institute 
of Science has developed a novel 
technique to fabricate the world’s
smallest SQUID on the apex of a sharp 
tip, which is capable of nano-scale 
magnetic imaging [2-5]. The SQUID-
on-tip (SOT) sensors can be fabricated 
as small as a few tens of nanometers 
and the geometry of the SOT allows 
scanning very close proximity to the 
surface resulting in high sensitive 
magnetic imaging with nano- scale 
spatial resolution. As the magnetic 
field strength of a dipole decreas-

es rapidly with distance, the ability to 
scan very close proximity to the surface 
results in SOTs into extremely sensitive 
scanning devices with less than sin-
gle electron spin sensitivity. Recently, 
a novel nano-scale thermal imaging 
technique has been developed using 
the SQUID-on-tip [6-8]. Existing ther-
mal imaging techniques are mostly not 
compatible with the low-temperature 
operation. In contrast, a nano-ther-
mometer based on SOT is suitable for 
cryogenic thermal imaging and it is the 
world's most sensitive thermometer 
at cryogenic temperature with sub-
micro-Kelvin temperature sensitivity. 
Scanning SOT is one of the most power-
ful tools for the investigation of a wide 
range of electronic systems, quantum 
states of matter and novel devices due 
to its nanoscale spatial resolution, re-
cord magnetic, thermal sensitivity and 
operation at elevated magnetic fields.

SQUID-on-tip Fabrication

The fabrication SQUID-on-tip (SOT) 
starts with pulling a hollow quartz 
tube with an outer diameter of 1 mm 
to form a pair of sharp pipettes with a 
tip diameter controllable between 30 
to 400 nm [2]. Then a superconductor 
is deposited on the sharp hollow pi-
pette from three different angles (Fig. 
1c) which results in a superconducting 
loop at the apex which is connected 
to two superconducting leads (Fig. 1d 
and 1e). Where the leads make contact 
with the ring, superconducting regions 
are “Strong”, while in contrast, the two 
parts of the ring in the gap between 
the leads constitute two weak links 
forming the SQUID at the apex of the 
tip (Fig. 1g). Here, the two Josephson 
junctions of the SQUID are two weak 
links in the form of Dayem bridges. The 
SQUID-on-tip is then attached with a 
quartz tuning fork which is used as a 
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topography sensor guiding the tip 
to hover above very close proximity 
to the surface. SOTs are usually fab-
ricated by thermal deposition with 
elemental superconductors like Alu-
minum (Al), Indium (In), Lead (Pb), 
Niobium (Nb), Tin (Sn) etc [2- 8]. Pb 
SOT attains record spin sensitivity 
down to 0.38 µB/Hz1/2 [3] and ther-
mal sensitivity better than 500 nK/ 
Hz1/2[6-8]. However, recently a new 
method has been developed for SOT 
fabrication using collimated magne-
tron sputtering that allows versatile 
use of a wide range of high Hc2 su-
perconducting materials like Mo-Re, 
NbN, MoGe, WSi, MgB2, and possi-
bly even high-Tc superconductors 
[9]. MoRe SOTs fabricated using this 
technique, operates up to an unprec-
edentedly high magnetic field of 5 T 

Figure 1. (a) Schematic representation of a SQUID. (b) Oscillation of critical current of a SQUID 
with applied magnetic flux with a period of one flux quantum. (c) Position of pipettes during 
three steps deposition of SOT fabrication. (d) and (e) Side and bottom view of schematic drawings 
of a SQUID-on-tip showing weak link/ Josephson junctions and SQUID formation. (f) Image of 
a pulled quartz pipette after three steps deposition of a superconductor [2]. (g) SEM image of a 
SQUID-on-tip showing superconducting loop at the apex with two weak links forming SQUID.

[9]. This advancement greatly diversi-
fies the applicable superconducting 
materials for SOT fabrication and thus 
significantly expands the working re-
gime of nanoscale scanning magnetic 
and thermal microscopy. Operating in 
wide ranges of magnetic fields ren-
ders the SOT as a powerful scanning 
imaging technique for investigation of 
magnetic phenomena and dissipation 
mechanisms in a wide variety of quan-
tum systems, and novel materials.

Magnetic and Thermal microscopy

Since the development of state-of-
art SOT microscopy, it has led to key 
insights into microscopic properties 
and vortex dynamics of superconduc-
tors, magnetism at oxide interfaces 
and magnetic topological insulators, 
etc. [3- 5,10]. Using SOT microscopy, 

the equilibrium current of individual 
quantum Hall edge states in graphene 
has been imaged for the first time and 
it reveals that the edge states carry a 
pair of counter propagating currents 
which was generally understood to 
carry only a downstream current [11]. 
The concept of counter propagating 
currents was predicted in 1994 but 
since upstream current do not cou-
ple to electrical transport, they were 
completely ignored and forgotten. 
An induced magnetic monopole re-
sponse to an electric charge above 
a quantum Hall electron system has 
been studied using this newly de-
veloped microscopy technique [11]. 
Furthermore, from the microscopic 
magnetic image of the twisted bi-lay-
er graphene system, it is revealed that 
there is spatial variation in twist angle 
and topographic image of Landau lev-
els in quantum hall state is obtained 
[12]. Moreover, the SOT microscopy 
has the potential for exploiting emer-
gent microscopic magnetic proper-
ties, current distributions and funda-
mental aspects in fractional quantum 
hall state, quantum anomalous half
state, van der Waals superconductors, 
TIs and 2D magnetic materials etc. 
Very recently, scanning SOT has been 
demonstrated as the world most sen-
sitive temperature sensor, establishing 
a new tool of cryogenic thermal im-
aging [6]. SOT allows studying dissi-
pation processes in quantum systems 
with nanoscale spatial resolution. 
Phonon emission from single atomic 
defects and edges in graphene has 
been images and studied extensively 
[7]. Energy dissipation mechanisms in 
normal and quantum hall edge states 
have been studied using scanning SOT 
nano-thermometry [8]. This method 
should be a novel tool for studying 
fundamental processes that involve 
dissipation mechanisms like scat-
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tering, electron phonon coupling, 
decoherence, breaking of topological 
protection in a wide range of quan-
tum systems and electronic devices.
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