
Advanced SQUID-on-lever scanning probe for high-sensitivity magnetic microscopy
with sub-100-nm spatial resolution

Timur Weber,1, ∗ Daniel Jetter,2, ∗ Jan Ullmann,1 Simon A. Koch,1 Simon F. Pfander,1 Katharina

Kress,2 Andriani Vervelaki,2 Boris Gross,2 Oliver Kieler,3 Ute Drechsler,4 Priya R. Baral,5

Arnaud Magrez,5 Reinhold Kleiner,1 Armin W. Knoll,4 Martino Poggio,2, 6 and Dieter Koelle1, †

1Physikalisches Institut, Center for Quantum Science (CQ) and LISA+, University of Tübingen, 72076 Tübingen, Germany
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Superconducting quantum interference devices (SQUIDs) are exceptionally sensitive magnetome-
ters capable of detecting weak magnetic fields. Miniaturizing these devices and integrating them onto
scanning probes enables high-resolution imaging at low-temperature. Here, we fabricate nanometer-
scale niobium SQUIDs with inner-loop sizes down to 10 nm at the apex of individual planar silicon
cantilevers via a combination of wafer-scale optical lithography and focused-ion-beam (FIB) milling.
These robust SQUID-on-lever probes overcome many of the limitations of existing devices, achiev-
ing spatial resolution better than 100 nm, magnetic flux sensitivity of 0.3 µΦ0/

√
Hz, and operation

in magnetic fields up to about 0.5 T at 4.2 K. Nanopatterning via Ne- or He-FIB allows for the
incorporation of a modulation line for coupling magnetic flux into the SQUID or a third Josephson
junction for shifting its phase. Such advanced functionality, combined with high spatial resolution,
large magnetic field range, and the ease of use of a cantilever-based scanning probe, extends the
applicability of scanning SQUID microscopy to a wide range of magnetic, normal conducting, su-
perconducting, and quantum Hall systems. We demonstrate magnetic imaging of skyrmions at the
surface of bulk Cu2OSeO3. Analysis of the point spread function determined from imaging a single
skyrmion yields a full-width-half-maximum of 87 nm. Moreover, we image modulated magnetization
patterns with a period of 65 nm.
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I. INTRODUCTION

Magnetic microscopy – because of its ability to re-
veal magnetization patterns and current distributions –
is crucial for studying the properties of magnetic, nor-
mal conducting, and superconducting materials. Un-
like bulk measurements, which integrate over entire sam-
ples, magnetic imaging reveals information about length
scales, inhomogeneities, and interactions. A wide vari-
ety of techniques, including scanning probe microscopy,
light microscopy, and electron microscopy, are available
for an even wider variety of materials and conditions [1].
Scanning superconducting quantum interference device
(SQUID) microscopy (SSM) is particularly well-suited
for sensitive and high-resolution imaging of transport and
magnetization at low temperatures.

In recent years, SSM has been used to explore mag-
netism in nanostructures [2, 3], at complex oxide inter-
faces [4–6], in topological insulators [7], and in few-layer
2-dimensional (2D) magnets [8–11], as well as allowing for
the imaging of orbital magnetism in bilayer graphene [12].
SSM was also used to image current flow in both a quan-
tum spin Hall [13] and a quantum anomalous Hall insu-
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lator [14], in graphene in the quantum Hall regime [15],
in magic-angle twisted bilayer graphene [16], at oxide do-
main walls [17], and in WTe2 in a regime where electrons
flow hydrodynamically [18]. In the area of superconduc-
tivity, SSM has long been a central tool for discovery,
e.g. on the nature of the order parameter symmetry in
cuprate superconductors [19, 20]. Most recently, SSM
was used to observe the flow of superconducting vor-
tices in a Pb film [21] and quantum fluctuations near
criticality in NbTiN [22]. It enabled the discovery of a
hidden magnetic phase above the superconducting tran-
sition temperature of the van der Waals superconduc-
tor 4Hb-TaS2 [23], as well as vortex excitations carrying
a temperature-dependent fraction of the flux quantum
Φ0 [24].

At the moment, there are two main types of high-
resolution SSM. The first is based on a so-called SQUID-
on-chip sensor, in which the superconducting device is
fabricated via standard lithography on a chip, and a
small, spatially separated pick-up loop, often at the cor-
ner of the chip, couples the sensor to the sample of
interest [25–27]. These SQUIDs can be fabricated in
large quantities and have the advantage of including
on-chip circuitry such as flux modulation coils and a
coil for magnetic susceptibility measurements. However,
their spatial resolution is typically in the micrometer
range, due to the size of the pick-up loop and limitations
on the minimum SQUID-to-sample distance [19]; more-
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over, they only function in magnetic fields up to about
10 mT, because of the properties of the Nb/AlOx/Nb
Josephson junctions (JJs) [28]. A second type of sen-
sor, known as a SQUID-on-tip, consists of a SQUID loop
that is fabricated directly at the apex of a quartz capil-
lary via a three-step deposition of superconducting ma-
terial [29, 30]. The JJs of these SQUIDs are Dayem
bridges (or constriction junctions), allowing for SQUIDs
with diameters less than 100 nm and critical fields in
the Tesla range [31]. This combination results in SSM
probes with sub-micrometer spatial resolution that op-
erate in a high magnetic field beyond 1T. However,
the process by which SQUID-on-tips are fabricated pre-
cludes the application of conventional wafer-scale pro-
cessing and the integration of circuitry such as a modula-
tion coil for controlling the flux coupling into the SQUID
or for local magnetic susceptibility measurements. More-
over, the choice of superconducting materials is limited
by the non-planar surfaces on which they must be de-
posited or grown. Magnetic flux sensitivities of both
types of SSM probes typically range from hundreds of
nΦ0/

√
Hz to a few µΦ0/

√
Hz at 4.2 K [32].

Recently, nanometer-scale SQUIDs based on Dayem
bridge JJs have been realized at the tip of modified
commercial Si cantilevers for atomic force microscopy
(AFM) using a process based on focused ion beam milling
(FIB) [33]. Here, we go significantly beyond this ini-
tial proof-of-concept by realizing Nb nanoSQUIDs that
are integrated on custom-made Si cantilevers. We use
wafer-scale thin-film deposition and optical lithography
to produce cantilever chips that contain prepatterned Nb
microstructures on planar cantilevers. We combine this
with a final FIB milling step, to fabricate sensors re-
producibly and in large quantities. This process yields
robust SQUID-on-lever sensors that allow for a well-
controlled surface approach, magnetic imaging with spa-
tial resolution better than 100 nm, a magnetic flux sensi-
tivity of 0.3 µΦ0/

√
Hz, operation in magnetic fields up to

∼ 0.5 T, and the integration of on-tip circuitry, includ-
ing a modulation line or a third JJ to flux-bias or phase-
bias the devices at their optimum working point. We
demonstrate the capabilities of these sensors by imaging
nanometer-scale magnetic configurations at the surface
of the chiral magnet Cu2OSeO3. Endowed with the ad-
vantages of both SQUID-on-chip and SQUID-on-tip sen-
sors, the resulting probes promise to expand the reach
of SSM to a variety of nanometer-scale magnetic, normal
conducting, and superconducting systems.

II. SENSOR FABRICATION AND LAYOUT

We fabricate the probes shown in Fig. 1 on 4-inch
Silicon-on-insulator (SOI) wafers resulting in approxi-
mately 500 cantilever chips per wafer. Each chip has
a size of nominally 4 mm × 1.5 mm (see Fig. 1(a)). This
wafer-scale process starts with a thermal oxidation step,
which results in a 50-nm-thick silicon-oxide at the sur-

face. Next, we sputter 50 nm of Nb, capped with a 10-
nm-thick protective layer of alumina (Al2O3). We then
pattern the Nb film, cantilever, and chip body via op-
tical lithography and reactive ion etch (RIE). To define
the Nb microstructures, we use Cl2/BCl3/Ar, Cl2/Ar,
and Ar/CHF3 RIE to etch the alumina, Nb, and thermal
oxide, respectively. We use SF6/C4F8 deep RIE to etch
both the cantilever shape out of the Si device layer and
the chip body from the backside using the buried oxide
of the SOI wafer as an etch-stop. Finally, we release the
cantilevers by removing the buried oxide locally using
buffered HF. The resulting cantilevers are about 60µm
long, 40 µm wide, and 2µm thick with spring constant
of ∼ 45N/m. As shown in Fig. 1(b),(c), the cantilevers
include patterned Nb leads connecting to a triangular
device area at the apex of the probe.

At the apex of each cantilever, we then pattern the fi-
nal sensing circuit using high-resolution Ne- and He-FIB
milling. First, we use Ne-FIB to shape the cantilever tip
for optimal AFM operation. If required, we can also re-
move Nb around the sensing area and the edges of the
film. This removes material damaged by the etching pro-
cess, further limits flux-focusing effects and prevents the
entrance of superconducting vortices close to the SQUID
during operation in an applied magnetic field. Once the
tip and sensor area have been milled to the appropriate
geometry, a specific pattern is applied to fabricate the
intended SQUID circuit. By milling away Nb, we define
physical gaps in the superconducting film, allowing us to
pattern superconducting leads, loops, and Dayem bridge
JJs. As part of the patterning procedure, we measure
and correct for thermal and mechanical drift of the ion
beam, to avoid blurring of the desired features.

From studies of the dependence of the critical current
Ic on the width w of single JJs, we find that we can realize
JJs with w down to ∼ 30 nm via Ne-FIB milling, while
with He-FIB we can produce JJs with even smaller w –
down to ∼ 10 nm – before Ic drops to zero at 4.2 K [34].
It seems that He-FIB milling produces less edge dam-
age than Ne-FIB milling, i.e, He-FIB allows us to realize
smaller holes and narrower JJs with reasonable Ic, at
the cost of lower milling rates. This process results in
geometric features as small as 10 nm.

The triangular Nb structure at the apex of the can-
tilever is connected by three Nb lines (see Fig. 1(c)), that
are defined by two lithographically patterned trenches
between them. To pattern a SQUID with two JJs (JJ1
and JJ2 – see Fig. 1(d)), we extend those two trenches
by FIB milling towards the cantilever tip. We then mill
a SQUID hole with diameter d between them. The
distance between the SQUID hole and each trench de-
fines the widths w1 and w2 of JJ1 and JJ2, respectively.
The Ne-FIB-cut trenches are 50 nm wide up to a few
hundred nanometers from the SQUID hole, where they
are reduced to a width of 25 nm. The final width of
the trenches near the SQUID hole defines the length of
the Dayem bridge JJs. Using He-FIB, the width of the
trenches can be reduced to 15 nm for the last 50 to 70 nm.
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FIG. 1. Planar SQUID-on-lever with advanced functionality. (a) Optical micrograph of part of an SOI wafer with 21 patterned
cantilever chips, which can be individually broken out. (b) False-colored scanning electron microscopy (SEM) image of part of a
cantilever chip with patterned Nb lines extending to the cantilever (left) that protrudes beyond the chip body. (c) False-colored
SEM image of a cantilever. Three Nb lines (blue) connect to a Nb triangle at the apex (left). (d), (e): False-colored SEM
images (left) and corresponding circuit diagrams (right) illustrate examples of SQUID circuits that were subsequently patterned
via Ne- and He-FIB milling by cutting trenches and a hole (diameter d = 36 nm in (d) and 19 nm in (e)) into the Nb triangle.
In (d), a modulation current Imod can be applied to couple flux into the 2-JJ SQUID. In (e) a control current Ictrl can be used
to shift the phase of the 3-JJ SQUID. Each SEM image has been taken at an angle of 45 ◦.

For readout, a bias current I flows from the central
Nb line through the JJs to ground, shown in Fig. 1(d) as
the bottom Nb line. In addition, a modulation current
Imod can be sent from the upper Nb line – flowing along
part of the SQUID loop – to ground. When the SQUID
is operated in the finite voltage state, the modulation
current does not flow across the junctions. Via Imod, the
SQUID can be flux-biased and operated in a flux-locked
loop (FLL).

With a small modification, i.e. by adding a third
FIB cut, which runs from the apex towards the SQUID
hole, the layout described above can be converted into
a SQUID with three JJs (see Fig. 1(e)) [35–37]. In that
case, we denote the current that flows from the upper
Nb line to ground as the control current Ictrl. In general,
both I and Ictrl can flow across all three JJs. For fixed I,
the control current shifts the phase differences δi of the
superconducting order parameter across the three junc-
tions JJi in the SQUID loop. The control current thus
provides a phase bias that can be used to shift the depen-
dence of the critical current Ic on the applied flux Φ or
of the voltage V on Φ. This feature can be implemented
in a phase-locked loop (PLL) to keep the SQUID at its

optimum working point.

III. ELECTRICAL CHARACTERIZATION

The electrical properties and magnetic field response
of the SQUID-on-lever (SoL) sensors are characterized
at temperature T = 4.2 K. A magnetic field Ba = µ0Ha

is applied perpendicular to the thin film plane. Below,
we present and discuss results obtained on two represen-
tative sensors: the first is a SoL with two JJs (2JJ-SoL),
which includes a modulation line and was patterned via
Ne-FIB; the second is a SoL with three JJs (3JJ-SoL),
patterned via both Ne- and He-FIB to obtain a very small
SQUID hole diameter.
Figure 2 summarizes results from 4-point measure-

ments of current I vs voltage V characteristics (IVCs)
of the 2JJ-SoL with a hole diameter d = 36 nm. The
two JJs originally had a width w1,2 = 55 nm; in a second
Ne-FIB milling step (recut) we reduced the JJs widths
down to w1 = 48 nm and w2 = 42 nm, to reduce hystere-
sis in their IVCs. We note that the quoted JJ widths are
nominal widths based on SEM images, which do not in-
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FIG. 2. Electric transport properties of 2-JJ SQUID-on-lever. 4-point measurements at T = 4.2 K for a SQUID milled by
Ne-FIB with hole diameter d = 36 nm and JJ widths w1 = w2 = 55 nm before and w1 = 48 nm and w2 = 42 nm after
recutting by Ne-FIB. (a) Critical current Ic vs modulation current Imod before and after recutting the JJs. Arrows indicate
maximum and minimum positive critical currents I+c,max and I+c,min, respectively. (b) Current-voltage characteristics before and

after recutting, recorded at Imod values that provide I+c,max and I+c,min. Before recutting, the IVCs show a pronounced hysteresis
(arrows indicate sweep direction of current), which is almost absent after recutting. (c) Voltage V vs Imod oscillations, measured
after recutting for different bias currents (from −25 to 25 µA in 1 µA steps).

clude the reduction of the effective JJ width due to edge
damage induced by Ne-FIB milling. Based on the scal-
ing of experimentally determined critical currents with
geometric JJ width w for our 2JJ-SoLs cut by Ne-FIB
milling, we roughly estimate that the degradation of su-
perconductivity extends laterally from the milled edges
into the superconductor by a damage depth of around
15 − 20 nm; this effectively reduces the JJ widths by
around 30− 40 nm.

Figure 2(a) shows the oscillation of the critical cur-
rent Ic vs modulation current Imod before (grey curves)
and after (black curves) recut for both current polarities.
In the following, we analyze those patterns, in particu-
lar with respect to the determination of the dimension-
less screening parameter βL ≡ 2LI0/Φ0 (with SQUID
inductance L, magnetic flux quantum Φ0 ≈ 2.068 ×
10−15 Vs and noise-free critical current I0 ≈ Ic,max/2
per JJ) [38, 39]

Before recut, the positive branches of the Ic(Imod)
curves yield maximum and minimum critical currents
I+c,max = 135 µA (at Imod = −185 µA) and I+c,min =

67 µA (at Imod = 1.2 mA), respectively; this corresponds
to a normalized modulation depth ∆i+c = (I+c,max −
I+c,min)/I

+
c,max = 0.50. As a first order approximation,

numerical simulations for a symmetric SQUID with a
sinusoidal current-phase relation (CPR) of the JJs and
negligible thermal noise, predict that ∆i+c = 0.5 would
correspond to βL = 1 [38, 39]. The oscillation pe-
riod ∆Imod = 2.8 mA of the Ic(Imod) curves corre-
sponds to a flux change of Φ0 in the SQUID. Accord-
ingly, the mutual inductance of the modulation line is
given by M = Φ0/∆Imod = 0.74 pH. The relative shift
∆Φ/Φ0 ≈ 0.13 of the Ic oscillations for both polarities
along the flux axis can be attributed to a critical cur-
rent asymmetry αI in the two JJs with critical currents
Ic,i = I0(1 ± αI) (i = 1, 2), with ∆Φ/Φ0 = αIβL (for
negligible inductance asymmetry) [39]. Both, an Ic asym-
metry and a deviation from a sinusoidal CPR reduce the

modulation depth of Ic(Φ) [38, 40], which means that
the above estimate of βL = 1 (and hence the estimate
of L) is likely too large. This indeed seems to be the
case, as the measured Ic,max = 135 µA and βL = 1
yields L = 15 pH, whereas our numerical simulations
of the circulating supercurrent distribution [41] for the
given SQUID geometry (with London penetration depth
λL = 110 nm) predict L = 1.1 pH without edge damage
and L = 2.8 (2.1) pH with 20 (15) nm damage depth.
Those much lower values for L are consistent with the
measured M = 0.74 pH, which is expected to be a signif-
icant fraction of L and result in an estimated βL ≈ 0.07
without edge damage and 0.18 (0.13) with 20 (15) nm
damage depth.

After recut, the critical currents are significantly re-
duced to I+c,max = 27 µA (at Imod = −60 µA) and

I+c,min = 8 µA (at Imod = 1.1 mA). This yields a nor-

malized modulation depth ∆i+c = 0.70; for a symmetric
SQUID with sinusoidal CPR of the JJs and negligible
thermal noise, this would correspond to βL = 0.42. From
the slightly reduced oscillation period ∆Imod = 2.6 mA
of the Ic(Imod) curves, we extract a slightly increased
M = 0.8 pH. A relative shift ∆Φ/Φ0 ≈ 0.05 of the Ic
oscillations for both polarities indicates a finite critical
current asymmetry. Again, we expect that βL is much
smaller than 0.42 due to Ic asymmetry and deviation
from a sinusoidal CPR; in fact, numerical simulations
(again with λL = 110 nm) predict L = 1.2 pH without
edge damage and L = 5.4 (2.6) pH with 20 (15) nm dam-
age depth. With the measured I+c,max = 27 µA, those
estimated inductance values result in βL ≈ 0.02 without
edge damage and 0.07 (0.03) with 20 (15) nm damage
depth.

Figure 2(b) shows IVCs of the 2JJ-SoL recorded for
both current-sweep directions before and after recut, at
values of Imod that were adjusted to yield the critical cur-
rents I+c,max and I+c,min. Before recut, both IVCs show a
significant hysteresis which we attribute to Joule heating
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FIG. 3. Electric transport and noise properties of 3JJ-SoL. Results obtained at T = 4.2K with the configuration in (a) are
shown in (b)–(d) for a 3JJ-SoL milled by Ne-FIB (w1 = w2 = 50nm, w3 = 75nm); (c) also includes results from a 3JJ-SoL
milled by He-FIB (w1 = w2 = 28nm, w3 = 37nm), which was later used for imaging. Both devices have a hole diameter
d = 15nm. (a) Readout circuit used for 3JJ-SoL characterization and imaging. (b) ISQUID(Vb) curves at various magnetic
fields B, with Ictrl = 0 for the 3JJ-SoL milled by Ne-FIB (Rb = 6.2 kΩ, Rs = 1 Ω). (c) Ic(B) for the 3JJ-SoL milled by He-FIB

with Ictrl = 0 and for the 3JJ-SoL milled by Ne-FIB with Ictrl = 0 and 30 µA. (d) Rms spectral densities of flux noise S
1/2
Φ

and field noise S
1/2
B at 12 kHz vs applied magnetic field B for the 3JJ-SoL milled by Ne-FIB. The two curves correspond to the

most sensitive working points found with Ictrl = 0 at Vb = 0.15 V and with Ictrl = 30 µA at Vb = 0.4 V.

effects. To reduce heating effects, we have recut the JJs
to reduce their widths and accordingly their critical cur-
rents. As is evident from Fig. 2(b), the trimming of the
JJs strongly suppresses the hysteresis in the IVCs. This
ability to controllably cut and recut features, allows for
a fine tunability of the SQUID-on-lever properties and
demonstrates the robustness of the fabrication scheme.

Figure 2(c) shows a family of voltage V vs modula-
tion current Imod curves for different bias currents I,
measured after recutting the 2JJ-SoL. We cannot find
a shift of the voltage maxima along the Imod axis with
increasing I; this indicates a negligible asymmetry in the
SQUID inductance L. For |Imod| ≲ 0.5 mA, the hys-
teresis in the IVCs causes the vertical switching steps in
V (Imod), which prevents operation of the SQUID in this
regime. However, outside this regime (|Imod| ≳ 0.5 mA),
the SQUID can be flux-biased via Imod in a stable work-
ing point, and it can be operated as a flux-to-voltage
transducer in a simple direct voltage readout scheme.
For example, for I = 19 µA and Imod = 0.72 mA, a
very high transfer function ∂V

∂Φ ≡ VΦ = 9 mV
Φ0

is reached.
The integration of a modulation line in the SoL layout
is an important feature, as it allows us to operate the
sensor in its optimum working point and to use conven-
tional SQUID readout electronics with FLL operation to
maintain the optimum working point, even in variable ex-
ternal magnetic field. We note, however, that Imod in the
mA range could be too invasive for some applications, as
it can produce a disturbing magnetic field at the surface
of a sample that is imaged. For example, a straight wire
carrying 1 mA produces a Biot-Savart field of 4 mT at a
radial distance of 50 nm. A solution of this problem can
be provided by the 3JJ-SoLs.

Figure 3 summarizes results from measurements of two

3JJ-SoLs patterned with either Ne- or He-FIB, both with
hole diameter d = 15 nm. For those devices, we did
not trim the JJ widths to avoid hysteresis in the IVCs.
Instead, we operated them using the readout scheme,
shown in Fig. 3(a), which is implemented in the scanning
SQUID microscope. This scheme allows for readout of a
SQUID even if its IVC (with current bias) is hysteretic,
which therefore enables SQUID operation over the widest
possible magnetic field range [30, 33]. This circuit oper-
ates the SQUIDs in voltage-bias mode at bias voltage Vb

with a large bias resistor Rb, a small shunt resistor Rs,
and a parasitic resistance Rp (due to wires and contacts)
in series with the SQUID. ISQUID is measured with a se-
rial SQUID array amplifier (SSAA) which is operated in
FLL mode. A control current Ictrl is applied via the volt-
age Vctrl and resistor Rctrl. The external magnetic field
Ba is always applied perpendicular to the plane of the
SQUID loop.

Figure 3(b) shows ISQUID(Vb) of the 3JJ-SoL milled
by Ne-FIB for different applied magnetic fields Ba, with
Ictrl = 0. For |ISQUID| < Ic the curves are linear, with
an inverse slope Vb/ISQUID ≈ Rb(1 + Rp/Rs) (in the
limit Rb ≫ Rs, Rp). From the measured Vb/ISQUID =
8.06 kΩ, we extract Rp = 0.3 Ω. At the kinks in
ISQUID(Vb) the critical current is reached. Figure 3(c)
shows, for both 3JJ-SoLs (at Ictrl = 0), the Ic(B) curves
that have been extracted from ISQUID(Vb) data. The cen-
tral maxima of the Ic(B) curves are shifted along the field
axis, as expected from the asymmetry of a SQUID with
three JJs [35]. The neighboring maxima are significantly
suppressed for the 3JJ-SoL milled by Ne-FIB or almost
absent for the 3JJ-SoL milled by He-FIB SQUID due to
the decay of Ic as B approaches the upper critical field
of the Nb film. This effect is a consequence of the small
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size of the SQUID and the resulting large SQUID oscilla-
tion period (equivalent to Φ0), which corresponds to the
difference ∆B ≈ 0.42 T between the minima in Ic(B) for
the Ne-FIB SQUID. This period, in turn, yields an effec-
tive area Aeff = Φ0/∆B ≈ 4.92× 103 nm2 corresponding
to an effective diameter deff = (Aeff · 4/π)1/2 ≈ 80 nm.
For the 3JJ-SoL milled by He-FIB we find ∆B ≈ 0.70 T,
resulting in deff ≈ 60 nm. For the 3JJ-SoL milled by Ne-
FIB, we also show in Fig. 3(c) the Ic(B) curve obtained
with Ictrl = 30 µA, which is shifted by approximately
−30 mT along the B axis. This demonstrates an im-
portant feature of SQUIDs with three JJs: they provide
the possibility to maintain the optimum working point in
variable magnetic fields by adjusting Ictrl.
At selected working points (Vb, Vctrl) we measured

the root-mean-square (rms) spectral density of cur-

rent noise S
1/2
ISQUID

with the SSAA. Combined with the

SQUID magnetic responses (transfer functions) ∂ISQ/∂Φ
and ∂ISQ/∂B, we determine the respective rms flux

noise S
1/2
Φ = S

1/2
ISQUID

/(∂ISQ/∂Φ) and field noise S
1/2
B =

S
1/2
ISQUID

/(∂ISQ/∂B). Figure 3(d) shows measurements in

the white noise limit at 12 kHz of S
1/2
Φ (also converted

into S
1/2
B ) vs applied field for the 3JJ-SoL milled by Ne-

FIB. We find a pronounced minimum in the flux noise

of S
1/2
Φ ≈ 0.3 µΦ0/

√
Hz, corresponding to a field noise of

S
1/2
B ≈ 120 nT/

√
Hz. For Ictrl = 0 the minimum in noise

vs B is at ∼ 160 mT. With Ictrl = 30 µA, we can shift the
noise minimum to ∼ 130 mT. This again demonstrates
the benefit of SQUIDs with three JJs: they provide the
possibility to maintain optimum sensitivity in variable
magnetic fields via the adjustment of Ictrl, which can be
controlled by a PLL. Importantly, the amplitudes of Ictrl
required to shift the optimum working point in a mag-
netic field are about an order of magnitude lower that
what is required for Imod for flux feedback in the case of
a SQUID with two JJs. The smaller resulting stray fields
make imaging with a 3JJ-SoL in a PLL less invasive than
imaging with a 2JJ-SoL in a FLL.

IV. MAGNETIC IMAGING

In order to demonstrate the spatial resolution of mag-
netic microscopy with these SQUID-on-lever probes, we
map the stray magnetic field at the surface of bulk
Cu2OSeO3. At low temperature, this insulating cu-
bic helimagnet hosts a number of modulated magnetic
phases, including low-temperature skyrmion (LTS) and
helical (H) phases, which produce nanometer-scale mag-
netic field patterns at the sample surface. In particular,
in magnetic fields applied along ⟨100⟩, previous scanning
SQUID microscopy has shown that the LTS phase ap-
pears on the corresponding {100} surface in the form of
clusters of disordered skyrmions within a field-polarized
(FP) background [42]. In images of the magnetic field,
individual skyrmions generate a point-like reduction in

the out-of-plane stray-field, as a result of their core mag-
netization opposing the surrounding FP phase. Because
of their small size – according to micromagnetic simula-
tions skyrmions in Cu2OSeO3 have a radius of 10 nm to
the region where their out-of-plane magnetization van-
ishes – these features are ideal for calibrating the point
spread function of our scanning probe and determining
its spatial resolution.

Figure 4(a) shows a schematic of the SQUID-on-lever
probe above the magnetization texture of a cluster of
skyrmions within a FP background. In order to enter
the LTS phase, we initially saturate the system with
an out-of-plane applied magnetic field along [001] of
µ0Hz = 200 mT at T = 5 K. We then reverse this
field, first applying −150 mT, and map the stray mag-
netic field just above the (001) surface of the crystal. We
measure both the component of the stray field Bz per-
pendicular to the surface and, by oscillating the sample
along the z-axis, we also measure dBz/dz. We image
the near-surface stray field as a function of increasing re-
verse field. At −155 mT, images show the coexistence of
domains of tilted spiral phase, FP phase, and clusters of
LTS phase, as expected from previous measurements [42].
At −160 mT, only clusters of skyrmions remain in an FP
background, as shown in Fig. 4(b).

Figures 4(c) and (d) focus on a dense cluster of
skyrmions, highlighted by the green rectangle in (b),
showing Bz(x, y) and dBz/dz(x, y), respectively. From
the partially overlapping features, the superior resolu-
tion of the dBz/dz(x, y) image compared to the Bz(x, y)
image is clear. This improvement results from a com-
bination of both the higher spatial resolution character-
istic of measuring a magnetic field derivative compared
to a magnetic field [43] and the noise reduction offered
by the spectral filtering of the lock-in-based derivative
measurement. Line cuts through the images along the
white dotted lines, shown in Fig. 4(e), cut across a row
of three nearby skyrmions. These skyrmions, which are
separated by about 95 nm, are resolved in both the field
and field-derivative measurements, although their sepa-
ration in the latter is more evident. A common definition
of spatial resolution is the smallest distance between two
point-like objects for which each appears distinct. Under
the Sparrow criterion, this distance can be defined as the
separation below which the minimum between two point-
like features disappears. Given the clearly defined min-
ima in the field derivative measurement and the fact that
the stray field produced by the individual skyrmions in
the scanning plane is not point-like, these images demon-
strate that the SQUID-on-lever is capable of spatial res-
olution well below 100 nm.

Figure 4(f) shows the contrast of a single skyrmion,
highlighted by the green square in (b) and measured at a
constant tip-sample spacing of 35±10 nm. By fitting the
Bz(x, y) and dBz/dz(x, y) profiles with Gaussian func-
tions, we find a full width at half maximum (FWHM) of
130 and 94 nm, respectively (only dBz/dz(x, y) is shown
in Fig. 4(f)). Given that the SQUID does not measure
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FIG. 4. Magnetic field microscopy. (a) Schematic of SQUID-on-lever scanning probe over a skyrmion. (b) Bz(x, y) measured
35 ± 10 nm above the surface of Cu2OSeO3in the low-temperature skyrmion (LTS) phase at T = 5 K. Green dotted frames
indicate zoomed in regions in (c) and (d). (c), (d) Bz(x, y) and dBz/dz(x, y) of skyrmion clusters. The scale bars of this
image and all following ones correspond to 100 nm. (e) Line cuts corresponding to the white dotted lines indicated in (c) and
(d). Points indicate measured data, while lines represent Gaussian fits. (f) dBz/dz(x, y) and PSF of the SoL extracted from
the measurement of a single skyrmion with 2D Gaussian fit FWHM. (g) Bz(x, y) of the in-plane helical phase. Fourier space
analysis yields a periodic spacing of 65± 5 nm.

magnetic field at each point in space, but rather mea-
sures the integrated magnetic flux threading through its
diameter, its response to a spatially varying magnetic
field is characterized by a point spread function (PSF).
Slight asymmetries in this PSF, resulting from the shape
of the particular SoL sensor, likely result in the asym-
metry visible in the images of the skyrmion, whose field
profile should be circularly symmetric.

In order to determine the PSF of our SQUID-on-
lever probe, we compare dBz/dz(x, y) images of a single

skyrmion measured by the SQUID, to the idealized stray
field expected for a skyrmion in Cu2OSeO3. We simu-
late this stray-field above the surface of the sample using
the micromagnetic software package MuMax3, which is
based on the Landau-Liftshitz-Gilbert formalism [44, 45].
We then use an iterative Landweber algorithm to extract
a PSF from the simulated and measured stray field im-
ages. The algorithm starts from an initial estimate of the
PSF, which after each step is successively improved upon
by reducing the error between the measured stray field
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image and that generated by convolving the simulated
stray-field with the PSF. The algorithm converges once
this error is comparable to the measurement noise [46].
The PSF extracted from the dBz/dz(x, y) map of the
single skryrmion in the first panel of Fig. 4(f) is shown
in the second panel. This point spread function has a
FWHM of 87 nm, giving another measure of the probe’s
spatial resolution. Given the similar size of the point
spread function and the measured dBz/dz(x, y) profile
of the single skyrmion, it is clear that the field profile
of the skyrmion itself at this tip-sample spacing is much
smaller than the resolution of our probe. In that sense,
the images in Fig. 4(f) reveal the size and asymmetries
of the SQUID-on-lever probe rather than those of the
skyrmion’s stray field.

As a further test of the probe’s response to small
magnetic features, we also image the short-wavelength
magnetic modulation produced by an in-plane H phase.
At low temperature and in low applied magnetic fields,
Cu2OSeO3 can enter a multi-domain H phase, in which
domains of magnetization helices, which propagate along
[100], [010], or [001], coexist. At a {100} surface, in-plane
H domains appear as sinusoidal stray field modulations
with a period given by the wavelength of the intrinsic he-
limagnetic order in Cu2OSeO3, λm = 62 nm [42, 47]. In
order to produce in-plane H domains at the sample sur-
face, we apply an in-plane magnetic field µ0Hx = 200 mT
aligned approximately along [100] to fully polarize the
sample at T = 5 K. We then decrease the applied field
down to less than 12 mT and make maps of Bz(x, y)
above the surface. A characteristic image is shown in
Fig. 4(g), revealing a sinusoidal stray field modulation
with a period of 65 ± 5 nm propagating along [100].
The error in the measurement of the period is due to
a systematic uncertainty in our calibration of the piezo-
electric scanner used to scan the sample. Apart from
non-periodic modulations in the Bz(x, y) maps, due to
surface roughness, the images are consistent with behav-
ior expected from the stray field at the surface of an
in-plane H phase. The clarity of the contrast provides
a final confirmation of the SQUID-on-lever’s sensitivity
to spatial variations in magnetic field on length-scales
smaller than 100 nm.

V. CONCLUSION

We demonstrate a method for fabricating robust
SQUID-on-lever probes for high-sensitivity SSM. The
probes combine the advantages of previously developed
SSM probes, including the possibility of operating in
magnetic fields exceeding 0.5 T, spatial resolution be-
low 100 nm, the possibility of integrating on-tip circuitry
– such as a modulation line or additional JJs – and the
ability to fabricate large quantities of probes. The spatial
resolution is calibrated against nanometer-scale magne-
tization textures, yielding a best-case point-spread func-
tion with a FWHM of 87 nm. Images of a modulated

magnetization pattern with a period of 65 nm further
demonstrate the probe’s sensitivity to magnetic field vari-
ations with short spatial wavelengths.
SQUID-on-lever probes with integrated modulation

lines or control lines could be operated in a flux-locked
or phase-locked loop mode to extend their range of sen-
sitivity in magnetic field, reducing the “blind spots” in-
trinsic to SQUID-on-tip sensors [36]. All of these prop-
erties, combined with the ease-of-use of the cantilever
platform and the robustness of the probes will dramat-
ically expand the applications of nanometer-scale SSM
in the fields of magnetism, superconductivity, and low-
temperature transport.
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Appendix A: Cu2OSeO3 sample

The Cu2OSeO3 crystal is grown via chemical vapor
transport with CuO and SeO2 as starting materials and
HCl as the transport agent [48]. A well-faceted single
crystal is chosen with a natural {100} facet. The orien-
tation is verified using a Laue camera. The facet is then
mechanically polished and the orientation is subsequently
re-verified using the Laue camera. The miscut angle is
measured using rocking curves with x-ray diffraction to
be less than 1◦.

Appendix B: Scanning SQUID microscopy

We perform magnetic imaging in a custom-built micro-
scope under high vacuum inside a 4He cryostat at 4.2 K.
The microscope contains a vector-magnet that can apply
a field of up to 1 T either in- or out-of-plane, i.e. along
x̂ or ẑ. The SQUID-on-lever scanning probe can per-
form both non-contact AFM and SSM. At 4.2 K and in
high vacuum, the cantilever has a resonance frequency of
577 kHz and a mechanical quality factor of 15000. Upon
approaching the sample, the cantilever’s resonance fre-
quency shifts at a distance of more than 500 nm, allowing
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for excellent tip-sample distance control. The cantilever
is excited to an amplitude of 10 nm at its fundamen-
tal mechanical resonance frequency by a piezo-electric
actuator driven by a phase-locked loop. Displacement
oscillations are detected using a fiber-optic interferome-
ter [33]. The SQUID is characterized and operated in
a semi-voltage-biased circuit, in which the current re-
sponse ISQUID is measured by a series SQUID array am-
plifier (Magnicon). We calibrate the SQUID response
to magnetic field by measuring (ISQUID vs µ0Hz) before
and after each scan in a field range significantly larger
than the field created by the Cu2OSeO3. This response
provides a measure of the local magnetic field threading
through the SQUID, i.e. the out-of plane component of
the magnetic field Bz(x, y). We further oscillate the sam-
ple out-of-plane at a frequency of 177 Hz with amplitude
∆z ≈ 1.5 nm and use a lock-in amplifier to detect the AC
field Bac in a narrow bandwidth. To first-order, the AC
field is given by Bac ≈ ∆z · dBz/dz and thus provides a
measure of the out-of-plane field gradient threading the
SQUID.

Appendix C: Micromagnetic simulations

We use the finite element software package MuMax3
[44, 45], which is based on the Landau-Lifshitz-Gilbert

formalism, to simulate the magnetization profile of indi-
vidual skyrmions in Cu2OSeO3. As simulation parame-
ters we use a saturation magnetization of 103 kA/m, an
exchange stiffness of 0.35 pJ/m, a bulk Dzyaloshinskii-
Moriya constant of 0.74 µJ/m2, and a cubic anisotropy
constant of 1.2 kJ/m3. Cubic anisotropy axes point along
the axes of the xyz coordinate system. To mimic the ge-
ometry of a bulk piece of single-crystal Cu2OSeO3, we
employ periodic boundary conditions in x and y with
5 repetitions on each side of a simulation volume of
1008 nm × 1008 nm × 200 nm. The finite element mesh
is set to a size of 240 × 240 × 40 cells with correspond-
ing cell sizes of 4.2 nm × 4.2 nm × 5 nm, respectively. To
facilitate stable appearance of individual skyrmions, we
apply a constant, homogeneous magnetic field in z with
a strength of 0.2T, and initiate the magnetization with
a Bloch skyrmion, which has its core pointing along z in
the center of the simulation volume. We then relax the
system to the next energetic minimum that is found by
the solver.
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