Scanning SQUID-on-tip magnetic and thermal imaging:
Nanoscale probe of superconductivity and strongly correlated electronic systems
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Presentation Notes
This is an image of our experimental setup. This is a silicon chip of few mm in size, in the center of which there is a sample of few microns is size, which we image by a SQUID which is few tens of nm is size. We fabricate the SQUID at the apex of a sharp quartz needle by self aligned three step deposition of a superconductor. The SQUID acts as a very sensitive magnetometer with sensitivity better than 1 Bohr magneton. The SOT is attached to a quartz TF for force sensing which allows scanning at a height of few tens of nm and temperatures down to mK range.    
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We have developed a new simple method of fabrication of very small SQUIDs. We start with a hollow quartz tube of 1 mm diameter and pull it to a sharp pipette with tip diameter of 50 to 400 nm. We then evaporate Al on one side of the pipette.  We then flip the pipette in situ and evaporate on the opposite side.  In the third evaporation we coat the apex ring. The resulting structure has two leads connected to a ring. The regions where the ring overlaps the leads have stronger superconductivity, whereas the two points in the gap between the leads form two weak links creating a SQUID.
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Our fabrication process is the following. We start with a hollow quartz tube of 1 mm diameter and pull it to a sharp pipette with tip diameter of 100 to 400 nm. We then evaporate Al on one side of the pipette.  We then flip the pipette in situ and evaporate on the opposite side.  In the third evaporation we coat the apex ring. The resulting structure has two leads connected to a ring. The regions where the ring overlaps the leads have stronger superconductivity, whereas the two points in the gap between the leads form two weak links creating a SQUID.
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SQUID on tip

Quartz tuning fork

SEM image
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Operating magnetic field > 5T x_— tuning fork for force sensing
Field sensitivity < 10 nT/Hz2 Scan height: ~10 nm
Flux sensitivity < 50 n®,/Hz"2
Spin sensitivity < 0.3 ug/Hz" D. Vasyukov et al., Nature Nano. 8, 639 (2013)
Thermal sensitivity < 1 uK/Hz'"2 & K. Bagani et al., PR Applied 12, 044062 (2019)

Al Nb Pb In Sn MoRe D. Halbertal et a/., Nature 539, 407 (2016)
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Vortices in Pb film

Patterned Pb film 50 nm
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Embon et al., Scientific Reports 5, 7598 (2015)
Embon et al., Nature Commun. 8, 85 (2017)
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One of our main interests is study of vortex matter. Here is an example of a lead film that was patterned into microbridges with constrictions. If we zoom in on one of the constrictions at low applied field of 3 G we see few vortices in the film. As the field is increased more vortices penetrate the sample, 6G, 15, 27, 54, and 120 G. Note that the vortices avoid the edges – this is the result of geometrical barrier where the Meissner currents push the vortices towards the center forming a dome shape. The vortex lattice is disordered because of pinning. Here we have used a SQUID with diameter of 225 nm. If we use smaller SOT …
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If we return to the Pb film, we can also study vortices in presence of transport current that is applied to the microbridge. Here a current of 16 mA flows upwards exerting a Lorentz force on the vortices to the right. As a result the vortices are pushed to the right and a large Meissner region is formed on the left side of the bridge. This is again the result of geometrical barrier. In the usual Bean case one expects just the opposite: high vortex concentration on the left side where the external field is high due to the self induced field of the transport current (this bright signal here), and a low vortex concentration on the right side where the external field is low. If we lower the current to 8 mA the vortices retract to the left. At 0 current the vortices should be centered, but you can see that they are still more to the right due to pinning and memory of the previous current. Only when we apply a negative current of -4 mA the vortices become centered. At -8 mA the vortices are pushed to the left and at -16 mA we get a picture that is the opposite to the original positive current. Note the high field on the right edge here in contrast to the left edge here.
1:50
-> We see that for a certain current the vortices are pushed on one side of the bridge. But they are still static, meaning that the surface barrier are still preventing the vortices to flow-> If we reduce the current, the vortices move toward the center of the bridge. At zero current -> the vortices are not yet in the center because this frame was taken after this one and the vortices are still pined more to the right in fact -> we need to apply a negative current to get the vortices in the center of the bridge. And we can go back to negative currrents -> -> One can also see the Biot-Savard field generated by the current on each side of the bridge. You see that the field goes in the opposite direction because the current flow in the opposite direction.   But what happens if we increase the current, or the applied force on the vortices. 



Vortex dynamics
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Vortex flow patterns
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Single vortex dynamics
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Observation of hydrodynamic vortices in electron fluid

Thin Au film Thin WTe, flake

AU illy Ohmic flow
1.0 1 Iy simulation
WTe2 ELC Hydrodynamic
-0.05_0.( 0.05 vortices simulation

Aharon-Steinberg et al., Nature 607, 74 (2022)
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Magic angle twisted bilayer graphene
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6 = 1.08°
T'=300 mK
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Transport measurements in magic angle graphene
3 2 A 0 1 2 3 N (10 cm?)

P. Stepanov et al., PRL 127, 197701 (2021)
A. Uri et al., Nature 581, 47 (2020)
S. Grover et al., Nature Phys. 18, 885 (2022)
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This is an optical image of our MAG sample with twist angle of 1.08 deg.  The transport measurements of Rxx and Rxy at 300 mK show the full glory of the magic angle graphene, including Landau fans, Chern insulators, correlated insulators, and superconductivity. On top of it, in this region around filling factor 1 at low magnetic field orbital magnetization has been observed by transport measurements in Dima Efetov’s group, similar to a number of previous studies of MAG, although in most of them the magnetism is observed near filling factor 3. In this region, upon sweeping the magnetic field up and down, a pronounced hysteresis is observed in Rxy. This hysteresis is considered a hall mark of orbital magnetization. Hysteresis is observed also upon sweeping the carrier concentration, which is less intuitive. 


Local magnetic imaging in magic agle graphene
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Here is a movie showing the sweep up magnetization, sweep down, and their difference as we vary the filling factor from 0.73 to 1.17. Red means positive paramagnetic-like magnetization, which is energetically favorable, while blue is unfavorable diamagnetic magnetization. At low filling of 0.7 we mainly see a few red patches. As the filling increases, the magnetization increases and also more blue patches appear. The magnetization reaches a maximum around nu=1 and so does the hysteresis. As nu is increased further, the magnetization decreases and the hysteresis vanishes.
02:50
Next we perform local magnetic imaging at 300 mK in low applied field of 50 mT in the following schematic configuration. The MAG is encapsulated by top and bottom hBN. The graphene is grounded and we apply a dc voltage to the back gate to vary the filling factor nu, and superimpose it with a small ac voltage which modulates the filling factor by \nu^ac of 0.08. The scanning SOT measures the out of plane component of the local magnetic field Bzac induced by the this ac modulation. In other words we measure by how much the local magnetic field changes due to adding and removing 0.08 electrons per moire uc. So here is the image of the attained Bzac at filling factor close to 1. The x,y scale is in microns, and the field scale is in nT. We can then use a numerical inversion algorithm and reconstruct the local differential magnetization. The units here are muB/e or muB/state and they reach values of 20 muB/state. The observed magnetization is highly nontrivial with regions of positive and negative magnetization. This is the differential magnetization acquired after initializing the system at nu=0 and sweeping nu up. Here is the magnetization acquired under the same condition, but after sweeping nu down. And here is the numerical subtraction of the two states divide by two. One can see that in the right side of the sample the magnetization is reversible whereas in this region we have a large hysteresis. In fact in this region the magnetization is equal in both scans, but of opposite polarity, so the entire pattern has flipped its polarization as a whole.
01:30
In fact, we can image these edge states and the equilibrium currents that they carry. This is the local (differential) magnetization, and these are the equilibrium currents that flow in the system, J equals curl of the magnetization. The color bar is the magnitude of the current density in units of uA/um. Around each red patch there is a counterclockwise current loop, while around blue patches flows a clockwise current. This image is at filling factor 0.73. As the filling factor is increased the currents intensify and form an elaborate network. The currents reach maximum near filling factor 1. Here we are in the gap region and these are the topological currents flowing in the chiral edge states. I remind you that we do not apply any external current, these are all persistent currents in the ground state. These currents couple to external electric field, and therefore affect transport measurements. As the filling factor is increased further, the magnetization and the equilibrium currents decrease.
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de Haas—van Alphen (dHvVA) thermodynamic quantum oscillations

Landau levels in 2DEG Quantum oscillations in magnetization dHVA oscillations
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De Haas—van Alphen thermodynamic quantum oscillations in ABA graphene

SQUID-on-tip
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We start with a relatively simple system – trilayer ABA graphene which has a Dirac and parabolic-like bands. Magnetic field sliced the bands into LLs which result in dHvA QOs in magnetization. This is our experimental setup. We vary the carrier density n by a dc backgate voltage modulated by a small ac voltage and measure the corresponding ac change in the local magnetic field Bz^ac, which reflects the local differential magnetization dM/dn. So this is the measured Bzac as a function of carrier density. We observe over 100 QOs just in this narrow range of carrier densities at low magnetic field. This is the first time thermodynamic QOs are observed in vdW materials. In contrast to SdH oscillations in transport, these oscillations are thermodynamic, namely they depend only on the band structure, nothing else, which should allow very accurate reconstruction of the BS and of the oscillations. Here this is the resulting theoretical fit. To me there are two amazing things here, first is that QOs can be actually measured to such an accuracy in atomically thin system and second that such a simple tight binding model can describe the band structure to such a precision reproducing even the finest features. 


Experiment
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Moreover, since the magnetic field is transparent to metals we can image through a top metallic gate and apply a displacement field in situ. The D field modifies the band structure causing hybridization and opening gaps in both of the bands. So here are the measured QOs as a function of carrier density and the displacement field, and this is the theoretical fit. Again all the fine details are reproduced remarkably. 



Outline

Vortices in superconductors and electron fluids
Magnetism in graphene
Thermodynamic quantum oscillations

Thermal nanoscale imaging

o i R . .05

IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 63, Mar. 2026. Presentation given at ISS 2025, Nagasaki, Japan, Dec. 2025.



Thermal imaging
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This is a thermal image acquired by a commercial IR camera. It shows us a map of the temperature variations. But the essential physics behind it is energy dissipation. The car is hot because we burn gas in the engine, the tires are warm because of friction, we burn sugar in our body, and here we dissipate electrical energy. If fact many of the questions that we ask ourselves in condensed matter physics boil down to dissipation. Questions of scattering, decoherence, loss of quantum information, breakdown of topological protection –are all eventually related to how and where the dissipation occurs. But since these processes cannot be usually measured microscopically we do not formulate these questions in terms of dissipation. But what if the dissipation would be a measureable quantity? If we were able to acquire such an image on nanoscale and at temperatures relevant to quantum systems we could have access to entirely new range of information which could profoundly change our thinking. So let me show you some first steps in this direction. 


Thermal imaging techniques
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This is where the SOT thermometer is, four orders of magnitude more sensitive that any other scanning thermometry. Moreover, our main interest is CMP where most of the quantum systems and novel states of matter require low temperature operation. None of these existing techniques can currently operate at low temperatures. So until now cryogenic thermal imaging simply did not exist. 
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Resonant inelastic scattering by a single localized state
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Spectroscopy of atomic defects in the bulk
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Spectroscopy of edge defects
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Thermal imaging of magneto-thermoelectric effects

Cryogenic Ettingshausen cooling in WTe,
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T. Volkl et al., Nature Phys. 20, 976 (2024)
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Vortex flow in Pb film
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