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Abstract

It was recently experimentally proved that the superconducting counterpart of a diode,
i.e., a device that realizes nonreciprocal Cooper pairs transport, can be realized by breaking
the spatial and time-reversal symmetry of a system simultaneously. Here we report the theory,
fabrication, and operation of a monolithic dc superconducting quantum interference device (dc-
SQUID) that embedding three-dimensional (3D) Dayem nanobridges as weak links realizes an
efficient and magnetic flux-tunable supercurrent diode. The device is entirely realized in Al and
achieves a maximum rectification efficiency of ~ 20%, which stems from the high harmonic
content of its current-to-phase relation only without the need of any sizable screening current
caused by a finite loop inductance. Our interferometer can be easily integrated with state-of-
the-art superconducting electronics, and since it does not require a finite loop inductance to
provide large rectification its downsizing is not limited by the geometrical constraints of the

superconducting ring.

Superconducting electronics is superior in terms of speed and power consumption with respect
to classical silicon-based electronics due to its vanishing resistance, that eliminates ohmic losses
and increases RC time constants. This fact, together with the possibility of integrating supercon-

ducting elements with quantum computers make this an appealing technology not only for low
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energy impact purposes, but also as a possible tool to boost up superconducting quantum tech-
nologies. Nevertheless, superconducting electronics suffer from the lack of dissipationless analog
components for the processing and shaping of signals. In classical electronics, we can rely on
semiconducting PN junctions as nonreciprocal elements, which are elementary building blocks for
several fundamental devices like transistors and diodes. It has been demonstrated the possibility
of achieving nonreciprocal transport in superconducting systems, ™ practically realizing what is
called a supercurrent diode.”™ The latter is typically intended as a two-terminal device that can
carry dissipationless currents of different absolute values between the two leads, depending on the
orientation of the charge carriers motion. This effect has been observed in many different types
of superconducting systems embedding Josephson junctions realized with hybrid structures® or
ferromagnetic layers.” Due to the presence of hybrid and ferromagnetic components, which are
nowadays non-standard materials in state of art superconducting electronics, these realizations of
the supercurrent diode effect (SDE) are challenging to be reliably embedded in large-scale sys-
tems. The SDE has been observed also in systems based on low-7;. conventional superconductors,
where the spatial inversion symmetry is broken by means of geometrical features. "% When the
SDE is realized by means of the Josephson coupling we refer to it as the Josephson diode effect
(JDE).1213 The JDE can be obtained also via asymmetric superconducting quantum interference
devices (dc-SQUIDs) where the screening effect of the supercurrents is not negligible, 14 or where
the harmonic content of the weak links is tunable on-demand.1>"'¢ These realizations, which can

be obtained with conventional Al or Nb technology 71

can be more easily integrated with many
fabrication processes.

Here, we show a sizable rectification efficiency achievable in a dc-SQUID where the Joseph-
son effect is obtained through two three-dimensional (3D) nanoconstrictions (i.e., 3D Dayem
nanobridges). Our device implements a monolithic all-metallic dc-SQUID that does not embed
any tunnel junction, and that realizes the Josephson effect simply through geometrical constric-

tions. The JDE is obtained only thanks to the high-harmonic content of the current phase relation

(CPR) of the weak-links, and without the need of any relevant screening from the interferometer
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Figure 1: (a) 3D model of our device. The dc-SQUID is composed of a thick Al superconducting
loop (blue) embedding two short and thin Al superconducting nanowires (yellow) of length /. It is
also shown the schematic electronic diagram used for the 4-wire measurement. /g denotes the bi-
asing current, V the voltage drop occurring across the interferometer, and & the external magnetic
flux. (b) Plot of I, and I_ (respectively dashed and solid lines) as a function of the magnetic flux
piercing the loop. The curves are calculated for two different values of the asymmetry parameter,
1.e., & =0 (blue) and o = 0.25 (green). We note that the minimum requirement for the interfer-
ometer to show the JDE is to have a # 0. (c) Contour plot of the rectification efficiency 1 as a
function of o and ®. The dashed lines indicate the cuts plotted in (d). (d) Cuts of contour plot (c)
for different values of «. It is clearly visible that the maximum rectification is not monotonic with
growing o, but it rather has a maximum for o ~ 0.25, corresponding to a rectification of 1 ~ 26%.
(e) Maximum rectification as a function of the asymmetry coefficient &. The vertical dashed lines
indicate the maximum values extracted from (d). All the curves in the plots are calculated using
Eq. |I|in the case of zero loop inductance (L = 0).



loop. Our measurements highlight non-hysteretic critical current vs magnetic flux characteristics
characterized by a rectification efficiency as large as ~ 20% that persists unaltered in all the ex-

plored temperature range, which goes from a base temperature of 30 mK up to 800 mK.

It has been shown in?%*2l that the CPR of short diffusive metallic 3D Dayem bridges, where
short means that the geometrical length (1) of the bridge is I < 3.5&y,% with & is the superconduct-

ing coherence length, can be well approximated by the Kulik - Omel’yanchuk (KO-1) relation?

de, ()

(9, T) =
(o1 AT)eos(0/2) /€ — A2(T) cos(9/2)°

where A(T) is the temperature dependent superconducting energy gap, e is the electron charge,
R is the normal-state resistance of the weak link, ¢ is the phase drop across the weak link, and kp
is the Boltzmann constant. By computing the CPR of a dc-SQUID [see Fig. [I[a)] where the two
weak links respond to Eq. one obtains L (@1, 92, T) =1, 1(¢1,T) +1;2(¢2,T), where I, is the
CPR of the n-th weak link, while ¢, is the relative phase drop. Given the loop configuration of the
device, the two phase drops are not independent of each other, but are in fact correlated by the flux
quantization relation @, — @ = @, — (2 /Py)LLi (@1, @2, T ), where @, = 21t(D, /Dy) is the phase
drop induced by the external magnetic flux threading the loop ®,, L is the loop self-inductance,
Leir(@1,02,T) =1;1(¢1,T) —1;2(¢>,T) is the circulating current in the loop, and ® is the flux
quantum. The flux quantization relation is expressed in a transcendental form that can be solved
numerically and allows us to find the phase drop of one of the two junctions with respect to the
other (which we indicate as the free phase ¢p) and ¢,. In order to obtain the critical current of
the dc-SQUID one then needs to find the maximum and minimum values of I, (®o, @, T ) with re-
spect to ¢y. The absolute maxima are called 7 while the absolute minima /_, and correspond to the
highest superconducting current that the dc-SQUID can carry in the positive or negative direction,

respectively. If I, and I have a different absolute value we are in the presence of finite supercur-



rent rectification, which can be quantified by the rectification coefficient n = (I — 1) /(1. +1_).
Moreover, we introduce the asymmetry coefficient @ = (R —R1)/(R2 + R1), where R; » are the

normal-state resistances of the two weak links.

By using the above definitions in the low temperature limit 7 < 7, we show some theoretical
results in Fig. [T} which are obtained in the limit of negligible loop inductance, i.e., L = 0. This
limit neglects the screening current of the dc-SQUID, thereby providing a simple analytical re-
lation between the phase drops, ¢, — @ = @, = 27(P,/Pp). In (b) one can see I, and I_ as a
function of ®, = ® plotted for two different values of o, namely o = 0, so the case of a perfectly
symmetric dc-SQUID, and o = 0.25, hence the theoretical value for which the rectification is max-
imum. The JDE is revealed by the fact that /; and /_ do not overlap. (c) shows 1 as a function
of the magnetic flux threading the loop and . Here we see that the rectification capability of this
device is strongly dependent on the asymmetry between the two weak links, which determines
both the height and position of the maximum value of 1 of the n(®) characteristics. This fact is
highlighted in (d), where we show some cuts of (c) plotting the rectification as a function of the
magnetic flux for different values of . We see that the maximum rectification moves away from
half flux quantum when o grows, and its absolute value has an absolute maximum for o ~ 0.25.
In (e) we plot the maximum rectification coefficient as a function of . For a¢ = 0, hence in the
case of a perfectly balanced interferometer, we have no rectification. By growing the asymmetry
between the bridges we observe an increasing 7, that saturates at a maximum theoretical value of
n ~ 26% for a ~ 0.25. Further increasing o the rectification efficiency starts to decrease, vanish-
ing for o > 0.9. This latter feature is the indication that for very large asymmetries the interference
between the two CPRs becomes negligible because one supercurrent is just a small perturbation of
the other. This simple model reveals that a dc-SQUID with negligible loop inductance embedding
KO-1-like weak links admits a sizable supercurrent diode effect, and we stress that this is due to
the nonlinearity of its CPR only. The latter can be an interesting aspect for technological purposes.

Indeed achieving a sizable rectification without the need of a relevant loop inductance allows a



significant downsizing of the whole device, making it a feasible candidate for on chip integration.
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Figure 2: (a) Scanning electron micrograph of the device in false colors. Aluminium nanowires
(red), are 10 nm thick and about 60 nm long; the aluminium loop (blue) is 100 nm thick. The loop
spans a surface ~ 9 um?. (b) Current vs voltage characteristics taken at two different magnetic
fields values at 30mK.

With this in hand, we show in Fig. [2] (a) a pseudo-color scanning electron micrograph of our
superconducting interferometer based on 3D Dayem nanobridges. The dc-SQUID is composed of
a 100-nm-thick Al superconducting loop (blue) embedding two short nanowires of thickness 10
nm (red). The loop has a square shape with an edge of 3 um and it is interrupted by two gaps of
approximately / ~ 60 nm in which the two Al nanowires of 70 nm width are placed. The litho-
graphic mask for the loop plus wires structure was created using a single step of electron beam
lithography on a double-layer resist substrate, composed of PMMA A4 on top of MMA EL9. The
Al deposition of the whole structure was realized in an UHV electron-beam evaporator through
shadow-mask evaporation using two different angles. In the first evaporation, we deposited the
thin nanowires at a tilting angle of 20°, then rotating the sample holder to 0° angle we evaporated
the second thicker layer to realize the superconducting loop and leads. By performing electromag-
netic simulations on the geometry of the loop we estimate ~ 12 pH as the value of its geometrical

inductance. Given the thickness of the Al film we consider negligible the kinetic component of the
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latter. The de-SQUID characterization was performed in a dilution refrigerator with a base temper-
ature of 30 mK, by collecting the IV curves through a 4-wire technique. Figure 2] (b) shows two IV
curves measured at two different magnetic field values, respectively 58 uT and 78 uT. It is inter-
esting to note that, depending on the applied magnetic field, the IV characteristics lose completely
their hysteretic behavior, bringing the retrapping current to coincide with the switching current and
lowering the characteristic voltage. From the IV curves we extracted the normal-state resistance

of the dc-SQUID, which corresponds to R ~ 26 Q. We can then estimate the superconducting

coherence length?* in the bridges, &y = \/hl /2wRwte2AgNF ~ 32 nm, with w and ¢ the nanobridge
width and thickness, respectively, i the Plank’s constant, Ag = 1.764kpT; the superconducting gap
at zero temperature, N = 2.17 - 107 J=!m~3 the density of states at the Fermi level of Al, kg the
Boltzmann constant, and 7¢ ~ 1.35 K the Dayem bridge critical temperature. Since [ < 3.5&, this

value sets the frame of the short/intermediate length junction limit, thereby in the validity regime

of Eq. [T}

Figure[3|(a) displays I and I as a function of the applied magnetic field measured for different
temperatures of the bath. We immediately note a substantial rectification effect, that persists in all
the temperature range, even if the absolute value of /) decreases, as expected, with temperature.
This fact is confirmed by Fig. [3] (b), where it is presented the rectification 1 as a function of the
applied magnetic field. These curves are extracted from the values of 7, ) respectively shown in
the plots above, so in the temperature range that goes from 30 mK to 800 mK. We emphasize that
the behavior of 1 is only marginally affected by the temperature in all the explored range, so up
to 0.597,, indeed the rectification efficiency profile remains almost unaltered. This is a remarkable
fact, and despite /| _) are strongly affected by temperature their relative ratio remains practically
constant. This feature can be exploited for technological environments where a resilience against
temperature variations is required.

Figure 3] (c) shows how the maximum measured critical current /. changes as a function of bath

temperature, and is compared with the theoretical behavior obtained using Eq. (1| assuming as fit-



20 ={T=30 mK F 20 iIT:ZOO mK [/ 20 ]T=400 mK t 20 ;IT:600 mK r 20 'IT:800 mK
—~
<< 15F 1 15F 15 F 1 15F 1 15 T lo-
= i — o+
10 F 4 10F 10 F 4 10F 4 10
2
5 1 1 5 1 1 5 1 1 5 L1 1 5
b) 50 100 50 100 50 100 50 100 50 100
20 . 20 . 20 . 20 . 20 :
<
= o 0 0 0 0F
<
—920 1 —20 1 —20 1 _ 1 1 —920 1
50 100 50 100 50 100 50 100 50 100
c) = 2
=5
S~—
,\9 15 |
~
&<
E 10 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
T (mK)

Figure 3: (a) /1 and /_ as a function of magnetic field for different bath temperatures. (b) Recti-
fication efficiency 7 as a function of magnetic field for the same temperatures as in panel (a). (c)
Maximum value of the critical current as a function of temperature along with the theoretical fit

using Eq. [}



ting parameters 7. = 1.35K, R =38 Q, and o = 0.17. The temperature dependence well follows

the KO-1 relation, thereby confirming the validity of the model also in a wider temperature range.
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Figure 4: (a) I; and I_ as a function of magnetic flux ® threading the loop. Triangles indicate the
experimental data while the green and orange curves show the theoretical behavior for Model I and
Model II, respectively. The solid curve indicates I, while the dotted curve /_. (b) Rectification
efficiency as a function of the magnetic flux, calculated using the models and data showed in (a).
Dots indicate the experimental data, whereas the green and orange curves represent the theoretical
rectification efficiency calculated with Model I and II, respectively.

Figure [] (a) displays the fit of 7} and I at 30 mK used to calculate the rectification at 30mK
[same fitting parameters of Fig. [3] (c))]. The experimental data are compared with the theoret-
ical model in the cases of zero (Model 1) and finite (Model 1I, L = 12pH) inductance of the
loop. When computing Model II we estimate the screening parameter of our dc-SQUID to be
B = (2I.L)/®y ~ 0.17. The theoretical curves of Model II are in good agreement with the ex-
perimental data except in the magnetic flux range between 0.33®Py and 0.67®,, where we note

a deeper theoretical /. suppression with respect to what we measure. A similar kind of behavior

f. 20 f. 25

has been observed in Ref.“ while studying analogous Al devices. The authors of Ref.“” theoreti-
cally investigate the rectification capabilities of asymmetric dc-SQUIDs by computing a "minimal
model" to practically achieve the JDE. From their analysis it follows that a very similar kink in the
I.(B) curve occurs by introducing a different harmonic spectral content between the CPRs of the
two weak links. In particular, they predict a pronounced effect by adding a second harmonic to one

of the two (sinusoidal) CPRs. From this we can deduce that the theoretical curves do not follow



precisely the experimental data in this specific magnetic flux region possibly because the two weak
links in our device may not present exactly the same CPR, thereby including a different harmonic
content. This last fact should not surprise, since the CPR of metallic weak links is known to be
strongly dependent on their geometrical properties, meaning that any asymmetry between the two
weak links involves a difference in their CPR as well. This issue is not taken into account in our
theoretical discussion, and its inclusion goes beyond the scope of the present work. Figure [] (b)
shows the measured rectification efficiency 7 as a function of the magnetic field at 30 mK. Close to
zero and one flux quantum the experimental data are fitted better by Model II. This occurs because
adding the effect of the screening current yields a non-negligible contribution to the rectification
efficiency also for very low circulating currents, thus making non-zero the first derivative of 1(®)
when @ is close to an integer flux quantum. This evidence reveals that the supercurrent diode effect

can be enhanced by the finite inductance of the loop.

In summary, we showed the fabrication and characterisation of a supercurrent diode exploiting
a monolithic Al dc-SQUID embedding 3D short Dayem nanobridges. The high harmonic content
of the CPR typical of this interferometer allows to obtain remarkable rectification efficiencies as
large as 20% in a wide range of temperatures regardless of the geometrical properties of the super-
conducting loop. We wish to stress this last point, since it removes the miniaturization constraint
due to the physical dimensions of the loop, thus allowing to push even further the minimum dimen-
sions of this Josephson diode. In this device the JDE is obtained without the use of unconventional
superconductors or two-dimensional materials, but rather with common Al thin films, which makes
this technology easy to reproduce and scalable. Moreover, higher critical temperature supercon-
ductors such as vanadium (V)22 or lead (Pb)2? could be easily exploited as well in order to
allow the diode operation at higher bath temperatures. The general ease of fabrication makes this

Josephson diode suitable for the integration with Al and Nb based superconducting electronics.
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