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We report on the fabrication and characterization of micrometer-sized superconducting quantum

interference devices (SQUIDs) based on nanoscale vanadium/copper/vanadium Josephson weak

links. Magnetically driven quantum interference patterns have been measured for temperatures in

the 0:24–2K range. As DC SQUIDs, these devices obtain flux-to-voltage transfer function values

as high as 450 lV=U0 leading to promising magnetic flux resolution UN < 3 lU0=
ffiffiffiffiffiffi

Hz
p

, being here

limited by the room temperature preamplification stage. Significant improvement in the flux noise

performance figures is expected with the adoption of cryogenic preamplification. The presented

devices are suitable for operation as small-area SQUIDs at sub-Kelvin temperature, but

their design can also be upscaled to include input coils enabling their use as sensitive

magnetometers via the adoption of optimized electronic readout stages based on flux feedback

schemes.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817013]

A superconducting quantum interference device

(SQUID) is a magnetic flux sensor constituted by a parallel

circuit of two superconducting weak links forming a ring.

An external magnetic field threading this loop controls the

electron transport properties of the Josephson weak links via

flux quantization1,2 and the DC Josephson effect3 therefore

modulating the total amount of supercurrent flowing through

the circuit. SQUIDs based on low critical temperature super-

conductors realize extremely sensitive magnetic and current

detectors, able to reach nowadays flux noise levels in the

0:3–5 lU0=
ffiffiffiffiffiffi

Hz
p

range at liquid He temperature,4 with im-

mediate applications in biomagnetism, nuclear magnetic res-

onance and susceptometry, investigation on the magnetic

properties of small spin populations,5–11 as well as low-noise

readout stages for microbolometer detectors.12

The vast majority of SQUID systems are based on

superconductor/insulator/superconductor (SIS) weak links,

yet the DC Josephson effect can also be observed in a num-

ber of superconducting systems,13 such as constrictions

between two superconductor banks,14,15 or weak links con-

stituted by normal metal16 or semiconductor elements.17–19

Superconductor/normal metal/superconductor (SNS) junc-

tions are able to carry a dissipationless phase-dependent

supercurrent via the proximity effect.20 The latter induces

superconducting correlations in the electronic states of the

normal metal when it is placed in good electric contact with

a superconductor. Such correlations follow from the building

of Andreev bound states in the N region.21–23

The interest in SNS Josephson junctions is justified by

their simple, accessible, and reproducible fabrication pro-

cess. On the one side, the current-phase relation of SNS

weak links can be tailored and controlled beyond the conven-

tional sinusoidal shape24 typical of SIS junctions. By this

way, one can obtain sharper phase responsivity or have

access to non-trivial states such as the p-shifted Josephson

junction.25 On the other side, while SIS Josephson junctions

are typically characterized by a considerable capacitance due

to the presence of the thin oxide layer of the barrier limiting

the performance of SQUIDs,26 SNS Josephson junctions do

FIG. 1. TOP: Tilted scanning electron micrography showing a typical SQUID

device in pseudocolors. Vanadium (green) and copper (red) films are 150

and 20 nm thick, respectively. The standard setup for a four wire measure-

ment is also displayed as a superimposed scheme. The inset in the top right

corner shows a perpendicular blow-up of the weak links. BOTTOM LEFT:

Current vs voltage (I-V) characteristics of device A measured at 240mK for

increasing values of perpendicular magnetic field. The curves have been hor-

izontally offset for clarity. BOTTOM RIGHT: Temperature dependence of the

maximum critical current for device A. The line is a guide to the eye.a)alberto.ronzani@sns.it
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not suffer from this drawback thanks to their natively negli-

gible capacitance.

A previous work27 on SQUID magnetometers based on

SNS weak links reported devices characterized by critical

currents with values of tens of microamperes. However, the

usability of these devices was limited by the presence of sig-

nificant hysteretic behaviour in the voltage-current character-

istic curves, a feature typical of high critical current SNS

weak links due to heating of the electron gas in the normal

domain as the junction switches to the resistive state28 when

the lattice temperature is low enough (typically under 1K)

that the electron-phonon coupling is unable to fully dissipate

the Joule heating.29

In order to overcome the issue of thermal hysteresis at

sub-Kelvin temperature, we fabricated SQUID devices in

which the SNS junctions are somewhat short yet resistive, so

that the voltage modulation range (proportional to

VTh ¼ �hD=ðeL2Þ, the Thouless voltage of the normal wire,

where D is the diffusion constant, e is the electron charge,

and L is the length of the wire) is maximized while at the

same time the Joule dissipation in the resistive regime is

kept as low as possible to quench any thermal hysteresis.

The requirement for obtaining resistive SNS junctions can be

met via the realization of N wires with nanoscale

dimensions.

The top panel of Fig. 1 shows a scanning electron micro-

graph of a typical interferometer, fabricated by standard30

electron beam lithography on a suspended mask obtained

from a copolymer/poly(methyl-methacrylate) resist bilayer

(1000=100 nm) on top of an oxidized silicon substrate. A

5 nm-thick aluminium layer was first evaporated at �40�

angle to ensure the adhesion of subsequent layers, followed

by a copper layer of 20 nm at normal incidence and a final

vanadium layer of 150 nm at 14� angle. All evaporation steps

were performed in an electron beam evaporator under ultra-

high vacuum conditions (’10�9 torr). The width and length

of copper nanojunctions shown in the inset of the top panel

of Fig. 1 are 60 nm and 370 nm, respectively. The loop of the

SQUID spans a surface of �1:5 lm2. The superconductor of

choice, vanadium, shows several attractive features from an

applied point of view, such as a sizeable critical temperature

(Tc � 5:4K for thick films) resulting in a strong proximiza-

tion capability over copper domains, also made possible by

the good quality of the interfaces formed between these two

metals.31

The electron magneto-transport properties of the

SQUIDs were characterized in a filtered 3He cryostat having

a base temperature of �240mK. Current vs voltage charac-

teristics were recorded via lock-in technique by measuring

the first harmonic of the voltage response to a DC current

bias chopped at a reference frequency (f � 15Hz). A 40 dB

room temperature low-noise voltage preamplifier (NF Corp.

model LI-75A) has been used to boost the signal level to be

fed to the digital lock-in amplifier (NF Corp. model LI-

5640).

The current vs voltage (I-V) characteristics of device A

for increasing values of magnetic field applied perpendicu-

larly to the SQUID plane are presented in the bottom left

panel of Fig. 1. The characteristic curves show a distinct

supercurrent branch; the critical current Ic being the

maximum current that can be sustained in this branch, whose

value is modulated by the magnetic field applied to the loop.

A small residual hysteresis of thermal origin28 is present in

the characteristics for which the critical current

jIcj� 1:5 lA. As the bias current I exceeds Ic, the system

switches to a resistive state developing a potential difference

across the superconducting loop. For large bias currents,

I � Ic, the characteristic curve can be approximated by

V � IRn=2, where Rn is the normal-state resistance of each

weak link. For each known geometry of the copper wire, the

measurement of Rn allows to estimate the diffusion coeffi-

cient and, consequently, the Thouless energy (ETh ¼ eVTh)

of the weak links. Table I summarizes the values of these pa-

rameters for the different measured devices. The temperature

dependence of the maximum value of the critical current

(i.e., that at U ¼ 0) for device A is presented in the bottom

right panel of Fig. 1. Magnetically modulated supercurrent

branches have been measured up to �2K.

The I-V characteristics measured for different values of

the applied magnetic flux U allow the investigation of the

functional form IcðUÞ of the magnetic modulation. Data

from three different devices (see Fig. 2) have been fitted to

the static zero-temperature resistively shunted junction (RSJ)

model32

i ¼ ð1� aIÞsin d1 þ ð1þ aIÞsin d2; (1a)

2j ¼ ð1� aIÞsin d1 � ð1þ aIÞsin d2; (1b)

d2 � d1 ¼ 2p/þ pbLj ; (1c)

where di are the phase differences across the two Josephson

junctions, / ¼ U=U0 is the applied magnetic flux normalized

to the flux quantum U0 ¼ h=ð2eÞ, whereas i and j are super-

current passing through and circulating in the SQUID,

respectively. Asymmetries between the two Josephson junc-

tions are accounted for by the introduction of the aI parame-

ter. For fixed applied magnetic flux, the positive and

negative critical currents (I6c ) are defined as proportional to

the extremal values of i over all the values of d1 and d2 that

satisfy Eqs. (1) via the coefficient I0, representing the magni-

tude of the maximum supercurrent for each weak link of the

SQUID

Iþc ¼ I0 max
d1d2

ðiÞ I�c ¼ I0 min
d1d2

ðiÞ : (2)

TABLE I. Summary of key parameters for all the devices. Length, width,

and thickness of each N-wire are reported as L, W, and t, respectively. The

Thouless energy (ETh ¼ �hD=L2) has been deduced from the measured

normal-state resistance (Rn) according to the Einstein relation

D ¼ ðqn�Fe2Þ�1
, where qn is the normal-state resistivity of the N-wire and

�F ¼ 1:56� 1047 J�1m�3 is the density of states at the Fermi level for cop-

per. I0; aI , and bL are parameters from the RSJ model fitted to IcðUÞ experi-
mental data (see Fig. 2).

L/W/t Rn ETh I0
Device (nm) (X) (leV) (lA) aI bL

A 370/60/20 14.0 27 0.97 0.04 0.14

B 300/150/20 3.6 51 4.10 0.03 0.04

C 280/150/20 3.0 65 3.43 0.06 0.03
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The above model includes also a parametric dependence in

Eq. (1c) on the inductance L of the SQUID via the coeffi-

cient bL ¼ 2LI0=U0. Experimental data show excellent

agreement with the theoretical model; fitted parameters are

summarized in Table I. It is worth emphasizing that albeit

the RSJ model was developed for SIS Josephson junctions it

readily applies also to SNS systems provided that their

current-phase relationship is sinusoidal. This is the case for

our devices, since they fall in the long junction limit, i.e.,

when the Thouless energy of the junction is much smaller

than the superconducting energy gap (DBCS � 0:8meV for

bulk vanadium samples). We have found that devices having

weak links with nanoscale cross-section (e.g., device A) are

affected by a significant inductive behaviour in their IcðUÞ
characteristic, up to a value of 150 pH, two orders of magni-

tude larger than the estimated geometric inductance. This in-

ductance does not appear to scale with the radius of the loop,

and is significantly lower for wider weak links (e.g., devices

B and C). We ascribe this inductive component to kinetic in-

ductance effects due to the strong concentration of supercur-

rent at the interface of the narrower weak links.

SQUIDs can be used as magnetic flux sensors in the dis-

sipative regime: by biasing the superconducting ring with a

constant current exceeding the critical current of the interfer-

ometer, changes in magnetic flux can be derived from the

corresponding variations in the voltage drop developed

across the Josephson junctions.

The VðUÞ characteristics of sample A measured at

240mK are shown in the top left panel of Fig. 3 for different

values of the bias current I. They are periodic in flux with pe-

riod U0 and have an approximate sinusoidal functional form

when I � 2I0. In the opposite limit, the characteristic curves

show zero voltage drop V for magnetic flux values such that

I < IcðUÞ, and finite V values after switching to the dissipa-

tive regime in an interval bounded around U � U0ðnþ 1=2Þ,
where n is an integer number. In the switching points them-

selves, the VðUÞ characteristics display a strongly nonlinear

behaviour with high values of the flux-to-voltage transfer

function j@V=@Uj which, in principle, could allow for highly

sensitive operation. However, the switching condition cannot

be used as a stable working point since the associated

dynamic range becomes null as a consequence of the sto-

chastic nature of the switching.

The transfer function has been obtained by numerical

differentiation of the VðU; IÞ characteristics measured in

high resolution scans of the two-dimensional (U; I) space. In
the resulting map, shown in the bottom panel of Fig. 3, sev-

eral ridges are evident from the plot, the most pronounced of

which corresponds to the aforementioned switching

points. As one moves down to lower values of the bias cur-

rent I, the profile of the switching ridge broadens and eventu-

ally forks into two different ridges in which the transfer

function reaches values approximately equal to

�0:3mV=U0.

The optimal working point for maximizing sensitivity

corresponds to a bias current just above the splitting point

for the two ridges. In this point, indicated near the center of

the bottom panel of Fig. 3 by a white arrow, the transfer

function obtains values as high as �0:45mV=U0 and is con-

stant over an effective dynamic range of approximately

10�2 U0. The temperature dependence of the maximum (sta-

ble) value for the transfer function is reported in the top right

FIG. 2. IcðUÞ dependence for A,B,C

devices (left to right). Values for the

critical current Ic have been extracted

from the switching current points in

the I-V characteristics measured at

240mK. Data points (black circles

with diameter corresponding to the ex-

perimental uncertainty) have been fit-

ted (red line) with the theoretical

model displayed in Eqs. (1) and (2).

Values for the fitting parameters are

reported in Table I.

FIG. 3. TOP LEFT: Device A VðUÞ characteristics measured at 240mK for

increasing values of current bias I. TOP RIGHT: Temperature dependence of

the maximum stable value of the flux-to-voltage transfer function @V=@U
for device A. The line is a guide to the eye. BOTTOM: Map of the transfer

function of device A obtained by numerical differentiation of VðU; IÞ data.
The optimal working point for sensitive operation (i.e., with the transfer

function showing high values approximately constant over a suitable flux

interval) is indicated by a white arrow.
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panel of Fig. 3, demonstrating the possibility of operation at

temperatures up to �2K, albeit with reduced performance

(suppression of approximately one decade per K).

The noise performance of the interferometers has been

characterized by measuring the power spectral density (PSD)

of the signal at the output of the preamplifier stage. The mag-

netic flux resolution of the SQUID is defined as

UN ¼
ffiffiffiffiffi

Sv
p

j@V=@UjWP

; (3)

where S
v
is the noise voltage PSD (in V2=Hz units) and

j@V=@UjWP is the flux-to-voltage transfer function absolute

value at the selected working point. Upon setting the SQUID

to its optimal working point, the white noise level was

detected to be
ffiffiffiffiffi

Sv
p

¼ 1:25 nV=
ffiffiffiffiffiffi

Hz
p

at 1 kHz, which is

compatible with the input referred noise of the pre-

amplifier; this value corresponds to a magnetic flux resolu-

tion UN � 2:8 lU0=
ffiffiffiffiffiffi

Hz
p

at 1 kHz.

To test whether the noise limit originates from the pre-

amplification stage itself, two independent battery powered

LI-75A units were connected in parallel to the SQUID out-

put. The autocorrelated PSD from one preamplifier and the

crosscorrelated spectral density between the two preampli-

fiers have been extracted and compared. The corresponding

magnetic flux resolution spectra are presented in Fig. 4. The

autocorrelated spectrum shows the aforementioned

2:8lU0=
ffiffiffiffiffiffi

Hz
p

resolution level, whereas the crosscorrelated

one (the blue dashed-dotted line in Fig. 4) reaches a value of

1:4lU0=
ffiffiffiffiffiffi

Hz
p

at 1 kHz, thus demonstrating that the magnetic

flux resolution for the SQUIDs is here limited by the room-

temperature preamplification stage. We stress that the

reported magnetic flux sensitivity levels have been measured

without the aid of sophisticated electronics or advanced read-

out schemes and directly follow from the intrinsic voltage

response properties of the SNS weak links.

In summary, we presented the fabrication and character-

ization of DC microSQUIDs based on V/Cu/V SNS

nanojunctions, demonstrating a significant degree of control

over the transport properties of the Josephson weak links via

their geometry. We observed that our devices are able to with-

stand repeated cooldown cycles without any appreciable degra-

dation of performance over a timespan of several months,

demonstrating the stability of the copper-vanadium interface.

Magnetic flux resolution figures (UN < 3 lU0 =
ffiffiffiffiffiffi

Hz
p

) are al-

ready competitive with respect to values found in DC SQUIDs

systems based on SIS technology operating at liquid He tem-

perature, and can be readily improved with the adoption of

cryogenic preamplification.

The presented design allows for operation as small-area

SQUID suited for detection of small spin populations. The

electronic spin sensitivity in the optimal coupling regime33

can be estimated to be as low as 100 lB=
ffiffiffiffiffiffi

Hz
p

. The fabrica-

tion technique readily allows the rescaling of the SQUID

loop to reach effective area values �0:1lm2, with the lower

limit for the lateral extent given by the total length of the

normal metal wire (reasonably �400nm). It is expected that

shorter weak links will show increased values in both the

critical current and voltage response but will require a higher

temperature of operation not to be affected by thermal

hysteresis.

On the other side, the presence of a sizeable non-

geometric inductance bound to the weak links allows to

upscale the SQUID effective area without affecting the

flux-to-voltage response level, with the goal of integrating

magnetically coupled input and feedback coils. This would

enable our interferometers to operate as sensitive magneto-

meters exploiting advanced SQUID readout techniques34

based on passive or active flux feedback schemes.

From a more fundamental point of view, the devices

herein presented implement three-terminal Andreev interfer-

ometers whose non-trivial dynamics emerge reproducibly in

their phase-dependent transport properties, here exploited for

achieving optimally stable working points for sensitive oper-

ation. This phenomenology, not present in conventional SIS

systems, is a typical fingerprint of the rich and complex

physics underlying the proximity effect.35
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