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Abstract
The nano-superconducting quantum interference device (SQUID) is considered one of the most
sensitive magnetic sensors for the characterization of mesoscopic and microscopic magnetic
moments. Therefore, it is suitable for measuring the Meissner effect in small superconductors
that cannot generate large enough signals for commercial magnetometers. To achieve an
optimized coupling, the sample is usually placed directly on a SQUID chip and as close to the
SQUID washer as possible. Therefore, a large working temperature range of the nano-SQUID is
desirable to measure a wider range of samples. Here, we achieved the measurement of the
Meissner effect in a 25 μm-sized Nb and a 40 μm×120 μm-sized FeSe crystals using a
niobium nitride (NbN) nano-SQUID. This nano-SQUID has a usable magnetic flux modulation
for temperatures up to 9.5 K. The flux noise is around 50–60 μΦ0 Hz

−1/2 for the entire
measurement system. The diamagnetic branches induced by the Meissner effect below the lower
critical field were observed for both Nb and FeSe crystals with the NbN nano-SQUID device. In
addition, at various temperatures, strong magnetic hysteresis arising from vortices pinning was
also observed and analyzed for both Nb and FeSe crystals.

Keywords: NbN nano-SQUID, Meissner effect, magnetic hysteresis, micro-sized FeSe crystal

(Some figures may appear in colour only in the online journal)

1. Introduction

With superconductivity moving towards smaller scales and
lower dimensions, many emergent phenomena [1–3] appear
such as the Little–Parks effect [4], oscillations in critical
temperature Tc with film thickness [5], and half-integer flux
quanta steps in a superconducting ring [6]. However, many
of these interesting effects require a sensitive near-field
magnetic characterization. For example, ferromagnetism and

superconductivity at the interface of LaAlO3 and SrTiO3 was
discovered to coexist using a scanning superconducting
quantum interference device (SQUID) technique [7].
Recently, a three-axis nano-SQUID was even developed for
direct on-chip measurement of a vector magnetic moment [8].
With a nano-SQUID, the sensitivity of magnetic moment
improves by around ten orders of magnitude compared with a
commercial magnetometer system [9–13]. The reason is that
the nano-SQUID has a miniaturized SQUID washer that
couples to the samples directly [13–16]. The critical temper-
ature Tc of the nano-SQUID limits the working-temperature
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range of an on-chip nano-SQUID measurement. Here, we
used a NbN nano-SQUID that has a working temperature
range of up to 9.5 K, which covers the superconducting
transition temperature of many interesting materials like Nb
and FeSe. Nb is a type-II superconductor widely used in
superconducting electronics, and its magnetic behavior is
highly correlated to the flux noise of the device [17]. Struc-
turally, FeSe is the simplest iron-based superconductor, and
its superconducting properties are also presumably related to
its magnetism [18].

We have achieved measurements of the Meissner effect
in both Nb and FeSe micro-sized crystals using our custo-
mized NbN nano-SQUID installation. The nano-SQUID
measurement results for a single Nb crystal features a large
magnetic hysteresis in the superconducting state, in contrast
with those from a commercial magnetometer (MPMS,
Quantum Design) for a large ensemble of Nb crystals. Fur-
thermore, with NbN nanoSQUID measurements, a large
magnetic hysteresis is observed for both the bulk and micro-
sized FeSe crystals in their superconducting state. However,
the hysteresis of the micro-sized crystal is more sensitive to
temperature than the bulk crystal. In contrast, the lower cri-
tical field Hc1 of the bulk FeSe crystal is less than that for the
micro-sized crystal.

2. Methods

The NbN nano-SQUID used here (inset in figure 1(a)) was
fabricated using a method similar to a 3D Nb nano-SQUID
[19, 20]. A 16 nm wide insulating slit was formed within the
NbN washer using a unique lift-off process. Next, two
parallel nano-bridge junctions of 100 nm width were set
across the insulating slit forming a SQUID with a loop size
of 1 μm×1 μm. In this type of 3D nano-SQUID, the nano-
bridge junctions (of 15 nm thickness) are much thinner than
the SQUID loop (of 150 nm thickness), and hence that the
magnetic flux modulation is deeper relative to the planar
device. Although the short coherence length of NbN (∼5 to
7 nm) places a great challenge on device fabrication, the
critical temperature Tc of a NbN device is higher than that of
a Nb device. The NbN nanoSQUID exhibits a usable
magnetic flux interference pattern for temperatures up to
9.5 K. The critical current at for constructive Ic-max and
destructive Ic-min interference as a function of temperature T
is plotted in figure 1(a). As the fabrication of the NbN nano-
SQUID is still crude and the device has a large critical
current, there is a hysteresis in the current–voltage curves
because of thermal heating. In this case, we used a pulsed-
current bias method to avoid the hysteresis in the measure-
ment [21, 22]. Briefly, a constant number Npulse of current
pulses of amplitude Ipulse is sent to the nano-SQUID. Then,
the corresponding voltage pulses Vsw_i across the SQUID are
recorded. The switched voltage pulse number Nsw was
counted provided Vsw_i is greater than a threshold voltage;
the switching probability was evaluated using Psw=Nsw/
Npulse. Figure 1(b) gives Psw as a function of Ipulse as well as
Icoil, which is the current applied to the feedback coil placed

above the nano-SQUID. A clear interference pattern in Psw

is observed at 9.5 K. By biasing the nano-SQUID with a
current pulse of amplitude Ibias that is in between Ic-max and
Ic-min, we are able to measure the flux noise at various
temperatures. As seen in figure 1(c), the flux noise is around
50–60 μΦ0 Hz

−1/2 and shows no dependence on temper-
ature. Actually, the flux noise is still limited by noise from
our room-temperature readout installation and has not yet
reach the SQUID thermal noise. With further improvements
in device fabrication and suppression of instrumental noise,
another two orders of magnitude enhancement is expected.
Several state-of-the-art nanoSQUIDs have been reported

Figure 1. (a) Critical current Ic of the NbN nano-SQUID as a
function of temperature T for constructive Ic-max (black square) and
destructive Ic-min (blue triangle) interference. The inset shows a
scanning electron microscope image of the NbN nano-SQUID.
(b) Contour map of Psw as the function of Ipulse and Icoil at
T=9.5 K. (c) Magnetic flux noise density S(Φ) of the entire
nanoSQUID installation at various temperatures.
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with intrinsic flux noise below 50 nΦ0 Hz
−1/2 [11, 23, 24].

However, even at the current noise performance, the NbN
nano-SQUID installation already is able to measure the
magnetization of micro-sized superconductors of higher
critical temperatures, such as the Nb and FeSe crystals.

3. Results and discussion

To measure the Meissner effect of a micro-sized Nb crystal,
the sample is placed close to the NbN nano-SQUID on the
chip and cooled to a low temperature in a variable temper-
ature insert probe. The size of the Nb crystal is around 25 μm
(see inset of figure 2(a)). The magnetization M as a function
of magnetic field HP parallel to the SQUID plane is plotted in
figure 2(a). At T=4.3 K, as HP is swept from 0 toward
2.5 kOe, the M–HP curve (black line) moves from a negative
dM/dHP (diamagnetic) regime to a positive dM/dHP (para-
magnetic) regime at the lower critical field Hc1=0.46 kOe.
The Hc1 decreases as the temperature increases, and so does
the magnetic hysteresis. The behavior is in accordance with
the properties of type-II superconductors. In the diamagnetic

regime, the magnetic field is expelled from the Nb particle
(the Meissner effect), whereas in the paramagnetic regime,
vortices are trapped and accumulate inside the crystal.

Fora comparison with our NbN nano-SQUID measure-
ments, we used the MPMS magnetometer to measure the
magnetization curves of a Nb particle ensemble (of about
1900 particles) at various temperatures (figure 2(b)). Similar
transitions from the diamagnetic regime to paramagnetic
regime inM–HP curves of a typical type-II superconductor are
observed, although there are differences in the details. First,
the turning point Hc1 is sharper in the single-particle mea-
surement; the variation in the individual crystals in a large
ensemble broadens the transition from the diamagnetic to the
paramagnetic regime. Second, the magnetic hysteresis shows
a more open loop for a single crystal measured using the NbN
nano-SQUID compared with the results of MPMS measure-
ments for the large ensemble. For materials with a Ginzburg–
Landau parameter κ >1/√2, the pinning of vortices inside
the superconductor above Hc1 neutralizes the diamagnetism
and induces magnetic hysteresis. For a large ensemble, the
outer crystals in the cluster may act as a magnetic shield to the
inner crystals and lessen the total pinning effect of vortices.
Therefore, the measurements from one Nb crystal using the
NbN nano-SQUID not only delivers a more accurate Hc1

characterization, but also offers more raw information about
vortices pinning.

Besides micro-sized Nb crystals, we also used the NbN
nano-SQUID to measure both bulk and micro-sized FeSe
crystals. The bulk FeSe single crystal (figure 3(c)) was grown
under a permanent gradient temperature (∼400 °C to 330 °C)
in a KCl-AlCl3 flux. The micro-sized FeSe crystal
(figure 3(d)) is a flake cleaved from the bulk crystal using the
tip of a pair of ceramic tweezers, and attached to the nano-
SQUID chip with a small quantity of N grease.

The nano-SQUID and sample were cooled to a low
temperature at zero field. The parallel magnetic field M–HP

was swept from 0 to ∼200 Oe (figure 3(a)), then reversed to
∼−200 Oe, and back to ∼200 Oe to complete a loop. Unlike
the Nb crystal, vortices pinning in the FeSe sample is per-
manent after applying a magnetic field. Therefore, before each
M–HP curve measurement, the SQUID and sample were
heated up to 18 K, well above Tc for FeSe, to remove trapped
vortices and then re-cooled to the targeted temperature at
zero field.

The original M–HP curves at various temperatures for the
micro-sized FeSe sample measured by NbN nano-SQUID are
plotted in figure 4. In order to evaluate the magnetic hyster-
esis alone, we performed the following mathematical analysis.
The symmetric hysteresis curves in figure 3(b) were acquired
by subtracting the background curves in figure 3(g) from the
original M–HP curves respectively. The background curves in
figure 3(g) were calculated from averages ofM at the same HP

on the upper and lower sections of the hysteresis curve in
figure 4. We believe that the symmetric magnetic hysteresis
curves are originated from the Meissner effect of the micro-
sized FeSe crystal.

Figure 2. (a) M–HP curves at various temperatures measured using
the NbN nano-SQUID. The inset shows an image of one Nb crystal
on the chip of a NbN nanoSQUID. (b) M–HP curves at various
temperatures measured with the MPMS magnetometer.
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For both the bulk and micro-sized FeSe crystal, a dia-
magnetic regime of negative dM/dHP from zero field was
observed (figures 1(a) and (b)). Then, the M–HP curves form
closed hysteresis loops in sweeping HP back and forth. Here,
lower critical field Hc1 is acquired by the HP value at the
intersection point (black cross) of the initial diamagnetic
branch and the hysteresis loop. The temperature dependence
of Hc1 (figure 3(e)) for both bulk and micro-sized crystal
indicate that the Hc1 for the latter is greater, and diverge to
zero at Tc=8.7 K. Since the micro-sized crystal is much
thinner than the bulk one, vortices are more difficult to
penetrated the thinner sample under the parallel magn-
etic field.

In figure 3(f), the normalized size of magnetic hysteresis
ΔM0 of the bulk and micro-sized crystal was the hysteresis
size ΔM at various temperature normalized to their ΔM at
T=5 K respectively. Here, the ΔM is the difference in M on
the upper and lower section of the magnetic hysteresis loop at
zero field in figure 3(b). As T increases, the normalized
hysteresis size ΔM0 for the micro-sized crystal drops quickly,
but that for the bulk stays relatively constant. The pinning
force of vortices in small crystals is therefore more sensitive
to temperature in comparison with that in the bulk one. It
might indicate the vortices pinning is more stable for the large
crystal than the micro-sized one. In figure 3(g), the

background curves shows no particular dependence on
temperature. We suspect that the irregular background mag-
netization probably stems from the magnetic impurities in the
N grease or in the samples.

4. Conclusion

In summary, the fabricated NbN nano-SQUID exhibited a
usable flux modulation for temperatures up to 9.5 K. The
expanded working temperature of the NbN nano-SQUID
enabled more accurate measurements to be made of the
Meissner effect in micro-sized Nb and FeSe crystals. In both
samples, a diamagnetic regime was observed by sweeping the
field from zero to Hc1. Also, comparing the NbN nano-
SQUID-measured results of micro-sized Nb crystals with
MPMS-measured results of a large ensemble of Nb crystals,
we found that the NbN nano-SQUID measurements not only
delivered a more accurate Hc1 characterization, but also
offered more raw information on vortices pinning. We also
performed a comparison of the micro-sized FeSe single
crystal with a bulk crystal using the NbN nano-SQUID
measurements. The result indicated that the pinning force of
the vortices in the micro-sized crystal has a stronger
dependence on temperature than that for the bulk crystal.

Figure 3. NbN nano-SQUID measured M–HP curves of (a) a bulk FeSe crystal and (b) a micro-sized crystal, at various temperatures after the
subtraction of background in figure 3(g). (c) Image of the bulk FeSe crystal. (d) Image of the micro-sized FeSe crystal. (e) Lower critical field
Hc1 as a function of temperature for the bulk (red dot) and micro-sized (black square) crystals. (f) Normalized magnetic hysteresis size at zero
field ΔM0 as a function of temperature for the bulk (red dot) and micro-sized (black square) crystals. (g) Background of the M–HP curves for
the micro-sized crystal at various temperatures.
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Moreover, the lower critical field Hc1 of the bulk FeSe crystal
is less than the micro-sized crystal. In the future, further
optimizations are to be made in the fabrication of the NbN
nano-SQUID and noise performance in the readout installa-
tion. The flux noise of the whole measurement system can be
further improved. In that case, the magnetic measurement of a
single-unit-cell thick FeSe film using a NbN nano-SQUID
would be extremely interesting.
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