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We report the performance of a reliable three-dimensional nanometer-sized Superconducting

QUantum Interference Device (SQUID). The use of superconductor-isolator-superconductor Nb/

Al-AlOx/Nb Josephson tunnel junctions together with small SQUID loop dimensions permits a

high modulation depth of the SQUID’s critical current and thus leads to very low intrinsic flux

noise of the device. In particular, we present electrical characterization including detailed noise

investigations. At 4.2 K, two-stage noise measurements with a SQUID as a low noise preamplifier

result in a white flux noise of 51 nU0/Hz1/2, which is equivalent to an energy resolution of 1.3 h,

with h being Planck’s constant. Simulation of spin sensitivities results in about 1 lB/Hz1/2 for an

electron spin positioned directly above the SQUID ring. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4986655]

In recent years, nanomagnetism is one of the most prom-

ising and interesting chapters in matter physics.1 In this regard,

one of the most stimulating challenges for Superconducting

Quantum Interference devices (SQUIDs) is the detection of a

single electron spin offering the possibility to explore new

stimulating nanoscience topics such as the study of single

electrons, molecular magnets, and reversal magnetization of

a single or few nanoparticles.2–4 The principle of such a

SQUID measurement can be summarized as follows: magneti-

zation variation of a magnetic object produces a magnetic flux

change, which is proportional to the magnetization by a cou-

pling factor depending on the geometry of the SQUID pick-up

loop and the sample.2,4 Note that the SQUID capability to

detect magnetic moment or spin is inversely proportional to

the size of the pickup loop. In fact, if we suppose to put a mag-

netic object inside the loop, only the magnetic flux lines,

which do not return within the loop, give a net contribution to

the magnetic flux. Accordingly, by decreasing the loop size,

the net magnetic flux increases, thus favouring small SQUID

loop dimensions for this task.

Although efforts for the realization of nano-SQUIDs

began more than ten years ago, their roots date back to the

early eighties of the last century. In a pioneering work, Voss

et al.5 developed niobium dc SQUIDs based on micro-

bridges to reach an energy resolution close to the limit of the

uncertainty principle. Some years later, Ketchen et al.6 pro-

posed a miniature SQUID susceptometer to measure the

magnetic properties of micron size samples at low tempera-

ture. They introduced the spin sensitivity Sn
1/2¼ SU

1/2/Ul as

a figure of merit in order to quantitatively evaluate the noise

in terms of spin or elementary magnetic moment (Bohr mag-

neton) and demonstrate that it is inversely proportional to the

diameter of the SQUID loop. Here, Ul is the magnetic cou-

pling factor and SU is the flux noise of the SQUID. In 2003,

Lam and Tilbrook resumed the original Ketcken’s proposal

and developed the first nanoSQUID for the detection of

small spin populations, having a hole with a side length of

200 nm.7 Thereafter, several nanoSQUIDs have been devel-

oped, in which main types are based on single layer nano-

bridges7–11 or on sandwich nano-junctions.12–17

In this letter, we report detailed electrical transport and

magnetic flux noise measurements of a three dimensional (3D)

nanoSQUID based on tunnel nano-junctions. This approach

combines deep submicron loop dimensions with highly reliable

superconductor-isolator-superconductor Josephson tunnel

junctions.

The sensor is composed of a capture loop of 0.2 lm2

pick up area interrupted by two nanometric Josephson tunnel

junctions with an area of 0.09 lm2. The detailed fabrication

procedure of this nanodevice is reported elsewhere,15,18 so

only an outline of the main fabrication steps and the differ-

ences with respect to the previous fabrication procedure are

reported here. The 3D nanoSQUID is realized by merging

the robust Nb/Al technology with the Gallium based focused

ion beam (FIB) patterning technique being able to realize a

three-dimensional device by opportunely sculpting materials

though a multistep etching.

Josephson tunnel junctions are based on in-situ sputter

deposited Nb/Al-AlOx/Nb thin-films. The two Nb layers, rep-

resenting the superconducting electrodes, are deposited with

a thickness of 300 nm, while the tunneling barrier is an Al-

AlOx bilayer wherein the Aluminum is a 6 nm normal metal

layer at a working temperature of 4.2 K. It is sputtered at high

deposition rates (1.3 nm/s), and its corresponding thin oxide

is obtained through a controlled oxidation into the sputtering

chamber with a relatively low oxygen exposure (E¼ pressure

� time) of 3700 Pa s. In this specific case, the thickness of the
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normal metal represents a good compromise such that the

aluminum is not proximised by the adjacent Niobium and, at

the same time, the superconducting tunneling effect is guar-

anteed. The deposited Nb/Al-AlOx/Nb multilayer is then pat-

terned by a lift-off technique and consequently 3D milled by

a focalised gallium ion beam in a FEI Company Quanta 3D

dual beam system. The Gaþ beam is orthogonally driven on

the sputtered Nb/Al structure by a CAD design previously

generated. The main fabrication steps and a scanning electron

micrograph of the 3D nanoSQUIDs are shown in Fig. 1. In a

first step, the FIB patterning results in a rectangular hole in a

niobium trilayer strip defining both the SQUID loop and

width of the junctions. Next, the sample is tilted by 90� with

respect to the ion beam, and other two holes are etched. The

trilayer strip width, as well as the hole dimension (300 nm),

defines the junction dimensions.

Device characterization has been carried out at 4.2 K

with the SQUID being immersed in liquid helium inside a

cylindrical lead and outer l-metal shield. The used dipstick

moreover comprises a superconducting solenoid from NbTi

wire inside the shields used to provide the magnetic back-

ground field to set up the working point of the SQUID and to

measure its effective flux capturing area. For the measure-

ment, the chip has been assembled in such orientation that

the magnetic field of the solenoid points perpendicular to the

chip surface.

Figure 2 shows the measured current-voltage characteris-

tics for different values of magnetic flux threading the

SQUID loop (top) and a set of flux-voltage characteristics of

the device, where the bias current was increased in steps of

10 lA ranging from 80 to 250 lA. From the period of the

characteristics together with the prior determined transfer

function of the solenoid of about 33 mT/A, we estimate the

effective SQUID area Aeff of about 3.0 lm2. This value is

larger than expected from the sensor’s geometrical dimen-

sions, as can be seen in Fig. 1, which is most likely caused by

the associated flux focusing effects and the non-flat geometry

of the SQUID loop. In fact, even if the modulation magnetic

field is applied perpendicular to the chip plane, a contribution

to the effective area of the component perpendicular to the

chip surface [Fig. 1(b)] due to the magnetic field misalign-

ment should be not negligible. However, the value is consis-

tent to prior measurements using a different setup.19

The SQUID exhibits a maximum critical current of

2IC¼ 202 lA and a normal state resistance of RN/2¼ 2.45 X,

with IC being the critical current of one Josephson junction.

The ICRN product accordingly results in about 500 lV. The

critical current and voltage swing were as large as 118 lA

and 310 lV, respectively, which is equivalent to a normal-

ized critical current swing of DIC/IC� 0.59. Accordingly, the

modulation parameter bL¼ 2LSQI0/U0 and the SQUID induc-

tance LSQ can be estimated to be about bL� 0.63 and

LSQ� 6.5 pH.20

The investigated device does not exhibit hysteresis for

temperatures higher than 4 K, wherefrom therein a junction

capacitance of about CJJ¼ 60 fF has been deduced.

It is worth noting that the device characteristics did not

change significantly compared to first preliminary investiga-

tions,19 which were done more than one year ago—a major

advantage of the fabricated nanoSQUIDs compared to typi-

cal counterparts based on constriction type junctions, which

typically suffer from poor long term stability mainly against

thermal cycling.

From the flux-voltage characteristics, as shown in Fig.

2, a transfer function VU of up to 5 mV/U0 was deduced.

Taking into account the input voltage noise of a low-noise

SQUID electronics21 of about SV
1/2¼ 0.33 nV/Hz1/2, the

FIG. 1. (a) and (d) Sketches of fabrication steps by the Focused Ion Beam

sculpting process. (b) Circuital scheme of the nanoSQUID in which the

current path is highlighted. (c) Scanning electron micrograph of the 3D

nanoSQUID.

FIG. 2. Set of current-voltage characteristics measured at 4.2 K for different

magnetic flux threading the SQUID loop, ranging from 0 to 0.5 U0 in steps

of 0.1 U0 (top) and set of flux-voltage characteristics with stepwise increas-

ing bias current, ranging from 80 to 250 lA in steps of 10 lA (bottom).
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noise contribution of the room-temperature electronics in a

single stage configuration thus amounts to minimum SV
1/2/

VU¼ 66 nU0/Hz1/2 what is remarkably higher than the theo-

retically estimated intrinsic flux noise of only a few tens of

nU0/Hz1/2 based on the switching current distribution of the

SQUID from the zero voltage state results.19

In order to investigate the intrinsic noise properties of

this nanoSQUID, a two-stage noise measurement setup with

a SQUID as a low-noise preamplifier as described in Ref. 22

has been used. Here, the SQUID under investigation is

voltage-biased with a resistor R¼ 1.5 X in parallel. The

critical current change of the nanoSQUIDs is sensed with the

amplifier SQUID. Feedback from a low-noise directly

coupled SQUID electronics from Supracon AG21 has been

applied to the amplifier SQUID, and hence, the amplifier

SQUID was operated as an ammeter. The amplifier SQUID

is a low inductance parallel gradiometer with two washers. It

exhibits a low input coil inductance and an input current

noise of about 5 pA/Hz1/2. The flux in the nanoSQUID has

been adjusted via the superconducting solenoid so that the

measured overall transfer function due to a signal to the

nanoSQUIDs was maximum. The persistent current in the

solenoid maintained the working point of the SQUID, while

the solenoid was disconnected from its room-temperature

control electronics during noise measurements. The output

of the SQUID electronics has been recorded with a HP 3565

spectrum analyzer with a maximum bandwidth of 100 kHz.

The gray line in Fig. 3 shows the flux noise spectral

density of the SQUID measured at 4.2 K. For this figure, the

contribution of the amplifier SQUID together with the room-

temperature electronics of about 20 nU0/Hz1/2 for frequen-

cies larger than f� 10 Hz has been subtracted. The flux noise

spectrum can be fitted by SU
1/2¼ 51 nU0/Hz1/2�[1þ(fc1/f)

þ(A/(1þ{f/fc2}2))]1/2, with fc1¼ 3.5 kHz, A¼ 1200, and

fc2¼ 10 Hz, shown as a dashed black line in Fig. 3. The

white flux noise accordingly amounts to 51 nU0/Hz1/2 corre-

sponding to an energy resolution of the nanoSQUIDs of

e¼ SU/(2LSQ)� 1.3 h with h being Planck’s constant.

Besides this extremely low white noise, an increase at

low frequencies is observed. More precisely, there seems to

be at least two independent low frequency noise sources with

different frequency dependences. Measurements in magnetic

insensitive working points with dV/dU¼ 0, shown as a red

line in Fig. 3, reveal that the main part of this noise is due to

critical current fluctuation in the Josephson junctions, which

are already visible as jumps in the time-trace of the recorded

output of the SQUID electronics. In such a working point,

the fit reduces to SU
1/2¼ 51 nU0/Hz1/2�[1þ(fc1/f)]1/2, with fc1

¼ 3.5 kHz, shown as a solid black line in Fig. 3.

Accordingly, the kink at about 10 Hz is due to a mag-

netic signal threading the SQUID loop, probably due to

some normal conducting material or a single fluctuator close

to the SQUID.

Nevertheless, at 10 Hz and 1 Hz, the magnitude of flux

noise amounts to 1.5 lU0/Hz1/2 and 4.1 lU0/Hz1/2, respec-

tively. Despite the very large critical current density of the

used Josephson junctions, the nanoSQUIDs do not show sig-

nificant degradation compared to typical dc SQUIDs based

on Josephson junctions with much lower critical current

density.

In order to compare our measurements with theoretical

predictions, we use the widely known relation of white flux

noise

S
1=2
U ¼ 4L

3=4
SQ C

1=4
JJ ð2kBTÞ1=2

for optimized SQUIDs with the McCumber parameter bC

¼2pICR2CJJ/U0 and bL about unity.23 Accordingly, for the

presented device, the estimated white flux noise level

amounts to about 42 nU0/Hz1/2 at 4.2 K, which is in excellent

agreement with our measurements. These results are, more-

over, consistent with predictions based on the switching cur-

rent distribution of the SQUID from the zero voltage state as

reported in Ref. 19.

The measured white noise level of the nanoSQUIDs is

one of the lowest achieved with SQUIDs so far and in this

way continues the quest for quantum limited SQUIDs started

already several decades ago.5,11,24–26 Notably, the measured

white noise is just a factor four larger than the quantum noise

limit given as [h/(2p)�LSQ]1/2� 13 nU0/Hz1/2 for this device.

Since one of the most important applications of

nanoSQUIDs is magnetism at the nanoscale, such as the

study of the magnetic nano-object, an important figure of

merit is the spin or magnetic moment sensitivity as given

above. An estimation of Ul can be obtained by using the fila-

mentary model.27,28 In this case, the magnetic flux coupled to

the SQUID is given by the integral of the vector potential

along the SQUID loop border. In Fig. 4, we report the spin

sensitivity distribution obtained by varying the position of a

particle with a magnetic moment of Bohr magneton lB within

the nanoSQUID loop. It is computed for three different dis-

tances d¼ 10, 20, and 30 nm from the SQUID top loop and

considering the experimental determined white magnetic

noise of 51 nU0/Hz1/2. It is worth noting that the bottom

SQUID loop does give a negligible contribution because the

distance between the two loops is about 300 nm (top layer

thickness). For this distance, the coupled magnetic flux is

much smaller than the one coupled to the top SQUID loop27

FIG. 3. Flux noise spectral density of the investigated SQUID measured at

4.2 K using a two-stage setup with a SQUID as a low noise preamplifier

(gray line), and the corresponding fit is shown as a dashed black line. In

magnetic insensitive working points, a behavior according to the red line has

been observed, indicating critical current fluctuations as the main reason for

the degraded low-frequency noise performance.
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In order to perform the nanomagnetism measurement, it is

possible to apply an excitation field Bexc parallel to both the

chip plane and the component perpendicular to the chip sur-

face without coupling magnetic flux in the nanoSQUID flux

capture area, while an adjusting working point field Bwp can

be applied perpendicular to the chip surface (see the sketch in

Fig. 4). Of course, a little misalignment is unavoidable, so in

a practical case, a parasitic signal will be present and a suit-

able compensation technique should be employed.29

As expected, the best spin sensitivity is obtained close to

the edges and at the corners of the SQUID loop. For a dis-

tance of 10 nm, which is a reasonable value from the experi-

mental point of view, a spin sensitivity of about 1 lB/Hz1/2 is

obtained. By increasing the distance, the sensitivity decreases

and the dependence from the position within the loop tends to

disappear.

In conclusion, we presented a detailed characterization

of a robust and reliable 3D nanoSQUID, showing an energy

sensitivity approaching the quantum limit at liquid helium

temperature. The ultra-low noise magnetic flux together with

submicron loop dimensions results in a spin sensitivity of

about 1 lB per unit bandwidth, indicating the suitability for

nanomagnetism applications requiring both high sensitivity

and submicron spatial resolution. These results definitely

demonstrate that there are no more barriers for the most sen-

sitive applications such as the detection of individual atomic

magnetic moments.
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