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In this work, we study the current-phase relation (C�R) of lithographically fabricated molybdenum ger-
manium (Mo79Ge21) nanobridges that is intimately linked with the nanobridge’s kinetic inductance. We
do this by imbedding the nanobridges in a superconducting quantum interference device (SQUID). We
observe that, for temperatures far below Tc, the C�R is linear, as long as the condensate is not weakened
by the presence of a supercurrent. We demonstrate lithographic control over the nanobridge kinetic induc-
tance, which scales with the nanobridge aspect ratio. This allows the Ic(B) characteristic of the SQUID to
be tuned. The SQUID properties that can be controlled in this way include the SQUID’s sensitivity and
the positions of the critical-current maxima. These observations can be of use for the design and operation
of future superconducting devices, such as magnetic memories or flux qubits.
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I. INTRODUCTION

Superconducting nanobridges with large sheet resis-
tances in the normal state can provide a large kinetic
inductance, LK [1,2]. The large kinetic inductance results
from the kinetic energy of the supercurrent charge carriers
and, in contrast to the geometric self-inductance, it does
not couple with a magnetic field [3]. Moreover, the kinetic
inductance is nonlinear with both current and tempera-
ture. These unique properties of high-kinetic-inductance
nanobridges and nanowires result in their application as
scalable key elements in many recently demonstrated
device applications, ranging from single-photon detectors
[4] to qubit readout and qubit architectures [5–9], mag-
netic memories and sensors [10,11], and superconductor
microwave detectors [12,13]. Despite the technical rele-
vance and many applications of high-kinetic-inductance
devices, it is complicated to precisely measure the kinetic
inductance value. Existing methods to extract this value
either require complex device structures, like resonator cir-
cuits, or rely on the total inductance’s temperature depen-
dence to separate geometric and kinetic contributions
[14–17].

Here, we show a straightforward way to determine the
kinetic inductance of a nanobridge. Using this method,
we conduct an experimental study of lithographically fab-
ricated Mo79Ge21 superconducting nanobridges and their
current-phase relation (C�R). The latter is approximately
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given by [18–22]

Is = �0

2π

1
LK

ϕ. (1)

Here, Is is the supercurrent through the nanobridge; LK is
its kinetic inductance; and ϕ is the phase difference across
the nanobridge, which is limited by a critical value, ϕc,
above which the bridge transits to the normal state. We
do this by imbedding the nanobridges in a superconduct-
ing quantum interference device (SQUID) [21,23–25]. The
response of the SQUIDs used in this work is completely
determined by their kinetic inductance, making the criti-
cal current versus magnetic field oscillations, Ic(B), of the
SQUIDs directly reflect the C�R, and hence, the kinetic
inductance of the nanobridge [21,25].

We observe that, for T � Tc, the C�R is linear every-
where apart from the region where both SQUID arms
near their critical-phase difference. This nonlinearity can
be captured by introducing a nonlinear kinetic inductance
into Eq. (1), which is quadratic in the current and orig-
inates from kinetic suppression of the condensate. We
show that, for devices of the same thickness, the LK val-
ues scale with nanobridge dimensions as ∼L/W for the
lithographically fabricated nanobridges. Here, L and W
are the length and width of the nanobridge, respectively.
Furthermore, we demonstrate that the SQUID’s Ic(B) char-
acteristic is tunable through lithographic control over the
nanobridge dimensions. In this way, SQUID properties,
like the SQUID’s sensitivity and the positions of the
critical-current maxima, can be controlled. These obser-
vations are beneficial for future superconducting device
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FIG. 1. Scanning-electron-microscopy (SEM) image of a pro-
totypical SQUID device. Area indicated in red corresponds to the
Dayem bridge, while the yellow area indicates the nanobridge.
Width W and length L of the latter are indicated. White scale
bar represents 200 nm. Four-point current and voltage contacts
are indicated as I± and V±, respectively. White circuit diagram
presents an equivalent electronic circuit of the SQUID. LK1 and
LK2 represent inductances of each branch, while Ic1 and Ic2 repre-
sent two critical currents of each branch. Ic,tot is the total critical
current of the SQUID. Applied magnetic field, B, is oriented as
shown.

design and operation (e.g., magnetic memories and qubit
readout).

II. NANOBRIDGE SQUIDS

Figure 1 shows a scanning-electron-microscopy image
of a prototypical nanobridge SQUID device, which serves
as a platform to study the dependence of the nanobridge
C�R on the bridge dimensions. The fabricated struc-
tures are (i) SQUIDs containing two Dayem bridges
[see Fig. 2(b)] and (ii) SQUIDs containing one Dayem
bridge (indicated in red in Fig. 1) and one well-defined
nanobridge weak link (indicated in yellow in Fig. 1) of
which the dimensions (length L and width W) are var-
ied. The sample geometry is defined using conventional
electron beam lithography, followed by pulsed-laser depo-
sition of a Mo79Ge21(25 nm)/Au(5 nm) film and a stan-
dard lift-off process [26,27]. The gold layer protects the
devices from oxidation. The devices all have a similar
superconducting-to-normal-state transition temperature of
Tc ∼ 6 K. From measurements of the superconducting-to-
normal-state phase boundary on similarly prepared plain
films of Mo79Ge21/Au, the coherence length can be deter-
mined and is given by ξ(T = 0 K) ∼ 10 nm [28].

For nanobridges in the dirty limit and for T � Tc,
the kinetic inductance, LK , is proportional to �Rs/(kBTc),
where Rs is the sheet resistance [1,2]. This implies that high

(a)
(b)

(c)

FIG. 2. (a) Critical current versus magnetic field for device g,
which contains two Dayem bridges. Measured critical currents
for positive (negative) bias are shown in blue (red). Solid lines
represent vorticity diamonds generated by the model (see text).
Fitting parameters of the vorticity diamonds are Ic1 = (27.5 ±
0.8) μA, ϕc1 = (10.2 ± 0.1) rad, Ic2 = (24.7 ± 0.9) μA, ϕc2 =
(11.2 ± 0.1) rad, LK1 = (122 ± 4) pH, and LK2 = (149 ± 6) pH.
nv = 0 vorticity diamond is indicated in gray. (b) Scanning-
electron-microscopy image of the investigated device, in which
the scale bar corresponds to 200 nm. Applied magnetic field,
B, is oriented as shown. Bottom SQUID arm corresponds to
j = 1 in Eq. (2), top SQUID arm to j = 2. (c) Magnification of the
top (bottom) vertices of the diamonds; positive currents are again
shown in blue, absolute values of the negative critical currents in
red. Dotted lines show how taking a nonlinear LK into account
can capture the shape of the diamond top.

kinetic inductances can be achieved using materials with
high sheet resistances. Similar to disordered superconduc-
tors, such as Nb-Ti-N (ρ = 170 μ� cm) [29], TiN (ρ =
100 μ� cm) [8,30], Nb-N [31], and granular Al [32], the
Mo79Ge21 structures discussed here have a high estimated
resistivity (ρ = 219 μ� cm), leading to a high kinetic
inductance [33]. Another advantage of using Mo79Ge21
is the fact that it can be fabricated as a thin homoge-
nous amorphous film [34]. For the kinetic inductance to
dominate, the loop size should be small to minimize the
geometric contribution to the inductance. For the loop
size used, the geometric inductance can be estimated as
approximately 2 pH [35].

III. PROPERTIES OF A SQUID CONTAINING
TWO DAYEM BRIDGES

First, the properties of a SQUID containing two Dayem
bridges are examined. This allows us to obtain the prop-
erties of the Dayem bridges used in this work [36], which
will act as reference junctions to study the properties of
nanobridge-type weak links. A representative scanning-
electron-microscopy image is shown in Fig. 2(b). Several
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SQUID devices of this type are fabricated and character-
ized. All measured devices exhibit comparable normal-
state resistances, from which the resistance of a single
Dayem bridge arm can be extracted as RDay,arm = (703 ±
19) �. Despite the small resistance spread of 3%, it is clear
from scanning-electron-microscopy imaging and from the
spread of the measured device critical currents that the fab-
rication process results in an unavoidable spread of the
Dayem-bridge-junction parameters.

Figure 2(a) shows the measured critical current ver-
sus field data, Ic(B), of a prototypical device, device g.
The negative current branches, Ic−(B), shown in red, indi-
cate the field dependence of the critical current obtained
when sweeping the current from zero (the superconduct-
ing state) towards a large negative-bias current that drives
the device into the normal state, whereas the positive cur-
rent branches, Ic+(B), shown in blue, are obtained when
sweeping the current from zero towards a large positive-
bias current. All measurements are performed at 300 mK.
At each magnetic field value, a set of 100 VI measurements
in both sweep directions is obtained using a current ramp
rate of 3.6 mA/s. For each of these curves, the critical cur-
rent is then extracted by means of a voltage criterion of 0.5
mV, which is taken just above the noise level. As the tran-
sition is very sharp, the obtained critical currents do not
depend on the chosen voltage criterion (at least below 2
mV). The critical currents extracted in this way are shown
in Fig. 2(a) as small dots. Due to thermal or quantum fluc-
tuations, phase-slip events cause a premature escape from
the superconducting state before the depairing current is
reached, resulting in a stochastic distribution of the critical
current around an average value [37,38].

The shape of the oscillations can be captured by the vor-
ticity diamond model introduced in Ref. [21]. This model
describes a SQUID containing two weak links, which both
have a linear C�R:

Ij = Icj
ϕj

ϕcj
, (2)

where Ij represents the supercurrent through the j th weak
link, with j = 1, 2, and where ϕj is the phase difference
of the macroscopic wave function taken between the end
points of the j th weak link. Furthermore, Icj ≥ 0 is the crit-
ical current and ϕcj ≥ 0 is the critical phase difference at
which the weak link switches to the dissipative state.

From Eq. (2) and the second Josephson relation [39,40],
it is clear that the j th weak link behaves as an inductor with
kinetic inductance LKj = (�0/2π)(ϕcj /Icj ), where �0 is
the magnetic flux quantum [see Eq. (1) and the electri-
cal model in Fig. 1]. For typical lengths of the Dayem
bridges explored in this work (approximately 150 nm), a
linear C�R represents a reasonable approximation in the
explored low-temperature range, T � Tc [22]. Indeed, by
solving the Ginzburg-Landau equations, it is shown that,

for nanobridges longer than 3ξ(T), the C�R becomes mul-
tivalued and progressively more linear [19,41]. Although
the Ginzburg-Landau formalism is strictly valid only close
to Tc, an almost linear C�R is predicted for thin and
long wires, even at T = 0 K (see Ref. [11] and references
therein). The diamond model does not consider any non-
linear dependences of the kinetic inductance on current or
temperature and treats the average critical current and the
ideal fluctuation-free depairing current as if they are equal.

The total current through the SQUID is given by

I = Ic1
ϕ1

ϕc1
+ Ic2

ϕ2

ϕc2
. (3)

As the superconducting-order parameter must be single-
valued, the total acquired phase difference around the
superconducting loop must be an integer multiple of 2π .
When applying an external magnetic field, B, perpendic-
ular to the SQUID loop (with the orientation indicated
in Fig. 1), the phase differences across each wire and the
electrodes must therefore be related by

ϕ1 − ϕ2 + 2π
B

�B
= 2πnv . (4)

Here, �B is the Little-Parks oscillation period [42], while
nv is the vorticity or winding number of the loop. Notably,
in Eq. (4), it is assumed that any contribution from the geo-
metric inductance of the SQUID to B can be neglected,
effectively decoupling Eqs. (3) and (4). Combining these
two equations with the requirement that superconductivity
should be destroyed if abs(ϕj ) > ϕcj in any of the bridges,
one can calculate the total critical current of the SQUID
for a given vorticity, nv , and applied magnetic field, B. The
total critical current of the SQUID, Ic(B, nv), is assumed to
be the smallest total applied current at which the current
across either wire reaches its critical value.

For each value of nv , the solution for Ic(B, nv) forms
a so-called vorticity diamond. As illustrated in Fig. 3(a),
the magnetic field range and the range of critical cur-
rents in which the nv = 0 vorticity state exists (i.e., the
vertices of the diamond) are determined by the asymme-
try in critical currents α = (Ic1 − Ic2) /Ic,tot, with Ic,tot =
Ic1 + Ic2, and the asymmetry in critical phase differences
γ = (ϕc1 − ϕc2) /ϕc,tot, with ϕc,tot = ϕc1 + ϕc2. The sep-
arate influences of varying phase and current asymme-
tries are shown in Figs. 3(b) and 3(c), respectively. The
nvth vorticity diamond is identical to the nv = 0 diamond
shown in Fig. 3(a), but is shifted along the magnetic field
axis by B = nv�B. As the vorticity diamond extends over
a range of B = �Bϕc,tot/π in magnetic field, diamonds
of adjacent vorticities overlap if ϕc,tot > π (i.e., twice the
critical phase difference of a conventional tunnel junction,
ϕc,tunnel = π/2), resulting in a multivalued critical current.
An important property of the vorticity diamond is that, on
each branch of the vorticity diamond, the phase difference
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over one arm of the SQUID remains constant, while the
phase difference over the other arm varies linearly with the
applied magnetic field. Consequently, each branch of the
Ic (B) curve immediately reflects the C�R of one arm of
the SQUID [23]. For branches L and R indicated in Fig.
3(a), the magnetic field dependence of the phase differ-
ences, ϕj , over the weak links and the field dependence
of the critical current, Ic(B), dependence are given by

L :

⎧
⎪⎨

⎪⎩

ϕ1 = ϕc1,
ϕ2(B) = ϕc1 + 2π B

�B ,

Ic (B) = Ic1 +
(

1
LK2

�0
2π

)
ϕ2,

R :

⎧
⎪⎨

⎪⎩

ϕ2 = ϕc2,
ϕ1(B) = ϕc2 − 2π B

�B ,

Ic (B) = Ic2 +
(

1
LK1

�0
2π

)
ϕ1.

(5)

As the nv = 0 vorticity diamond is point symmetric around
the origin, similar expressions exist for the correspond-
ing opposite branches. Considering the field and current
orientation with respect to the sample surface used in the
experiment, the SQUID’s transition to the normal state for
branch L(R) corresponds with arm j = 1(2) reaching its
critical current, corresponding with a critical phase differ-
ence of ϕ1 = ϕc1(ϕ2 = ϕc2). As such, branch L(R) reflects
the C�R of arm j = 2(1). Equation (5) also shows that the
kinetic inductances, LKj , of the SQUID arm j = 1(2) are
inversely related to the diamond slope of branch R(L).

In Fig. 2(a), the solid black lines result from a fit of the
Ic(B) data to the model described above. It is clear that
the model captures the Ic(B) characteristic well. Notably,
the kinetic inductances are determined by the slope of the
linear part of each branch of the vorticity diamond. The
first observation is that, for this symmetrically designed
SQUID, the asymmetries in the critical currents (α =
0.06), the critical phase differences (γ = −0.05), and the
kinetic inductances (LK1 = 122 pH and LK2 = 149 pH) are
small. The kinetic inductances are much larger than the
geometric contribution to the inductance (∼ 2 pH) [35],
which is a key assumption in the model used. The criti-
cal phase differences of both Dayem bridges are far larger
than π/2: ϕc1 = 10.2 rad and ϕc2 = 11.2 rad. This corre-
sponds to the observation that their length exceeds 3ξ (T).
As introduced in Sec. II, the Ic(B) dependence of each
branch of the vorticity diamond is in one-to-one correspon-
dence with the C�R of the corresponding Dayem bridge.
The majority of the experimental data are well captured by
the linear edges of the vorticity diamond, implying that the
C�R of the Dayem bridges is indeed approximately linear.
However, close to the maximum critical current or maxi-
mum critical phase difference [i.e., top and bottom vertices
of the vorticity diamond, see Fig. 2(c)], the critical current
deviates from a linear dependence on the applied mag-
netic field for both branches. This reflects that the C�R

is nonlinear over this current range. The nonlinear depen-
dence can be described by introducing a nonlinear kinetic
inductance and can be attributed to kinetic suppression of
the condensate due to the presence of a supercurrent [43].
For T � Tc, the kinetic inductance of a superconducting
strip can be expanded in terms of the depairing current,
Idep(B), as

LK
(
Idep

) = LK (0)

[

1 + I 2
dep

I 2∗
+ · · ·

]

, (6)

where I∗ is a constant that sets the scale of the quadratic
nonlinearity [12]. No odd-ordered terms appear due to
symmetry considerations, as the bridge must have the
same kinetic inductance, regardless of the current orien-
tation. Within the Usadel framework, Ref. [43] provides
an estimate for the magnitude of the quadratic nonlinear-
ity of I∗ = 4.7Idep/

√
1.9, indicating that the nonlinearity

becomes important only at currents close to the depair-
ing current of the strip. In Ref. [10], this nonlinearity
of the kinetic inductance was exploited to fabricate an
ultrasensitive magnetometer.

To summarize, the vorticity diamond’s branches directly
reflect the bridge C�Rs; the vertices are determined by the
asymmetries in critical currents, α, and critical phases, γ ;
and the nonlinearity at the top vertex is understood to be
caused by depletion of the superconducting condensate. In
the next section, this approach is used to explore the impact
of geometry on the C�R of the fabricated nanobridges.

IV. PROPERTIES OF SQUIDs CONTAINING ONE
DAYEM BRIDGE AND ONE NANOBRIDGE

This section examines the properties of fabricated
SQUIDs containing one Dayem bridge and one nanobridge
(see Fig. 1), upon changing the nanobridge dimen-
sions, (L, W). The different dimensions, as measured by
scanning-electron-beam microscopy, are shown in Table I.
The total normal-state resistance of each device, together
with the average value of the resistance of a SQUID arm
containing a Dayem bridge, allows us to determine the
resistance of the SQUID arm containing the nanobridge for
each device. These resistance values are consistent with the
nanobridge geometries. Figure 4(a) shows the critical cur-
rent versus field data, Ic(B), for a particular SQUID device
(device u), which contains one Dayem bridge and one long
nanobridge (L ∼ 319 nm), as can be seen in Fig. 4(b).
The measurement method is the same as that for device
g, with a current ramp rate of 3.5 mA/s. For the typical
lengths of nanobridges and temperatures explored in this
work (L ∼ 100–340 nm � 3ξ , T = 300 mK � Tc), it is
expected that the C�R of the nanobridge will be quasilin-
ear [11,19,41]. The resulting fit using the model described
in Sec. III is shown using solid black lines. It is clear
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(a)

(b)

(c)

FIG. 3. (a) The nv = 0 vorticity diamond for current-asymmetry α = 0.3 and phase-asymmetry γ = 0.1. Vertices of the diamonds
are determined by asymmetries in the critical currents and critical phase differences. The diamond extends over a range B = �Bϕc,tot/π

in magnetic field. The nvth vorticity diamond is identical to the nv = 0 diamond, but shifted along the magnetic field axis by B = nv�B.
(b) Evolution of the diamond shape for α = 0 and increasing γ from 0 to 0.8 in steps of 0.2, as indicated by the arrows. (c) Evolution
of the diamond shape for γ = 0 and for increasing α from 0 to 0.8 in steps of 0.2, as indicated by the arrows.

that once again, the model captures the Ic(B) characteristic
well.

As introduced in Sec. III, the Ic(B) dependence of each
branch of the vorticity diamond is in one-to-one corre-
spondence with the C�R of the corresponding Dayem or
nanobridge. Similarly to the Dayem bridges in Sec. III, the
experimental data are well captured by the linear edges of
the vorticity diamond. This reflects that the C�R of the
nanobridge is approximately linear. Only close to the max-
imum critical current or maximum critical phase difference
[i.e., top vertices of the vorticity diamonds, see Fig. 4(c)]
is the C�R nonlinear. This can be captured by introduc-
ing a nonlinear inductance into Eq. (5) [see dotted line in
Fig. 4(c)]. The kinetic inductances obtained from the fit-
ting (LK1 = 261 pH and LK2 = 156 pH) are substantially
larger than the geometric contribution to the inductance
(∼ 2 pH) [35]. Since the kinetic inductance scales with the
length and width of the bridge as LK ∼ L/W, the kinetic
inductance of the nanobridge, LK1, is about 65% larger
than the kinetic inductance of the Dayem bridge, LK2. This
difference is reflected in the different slopes (∼1/LK ) of
the branches of the vorticity diamond. The critical phase
differences of both the Dayem bridge (L ∼ 150 nm) and
nanobridge are far larger than π/2. The critical phase
difference for a nanowire can be estimated to be [11]

ϕc,est ∼ (π/2)(L/2ξ), (7)

and scales with the length of the bridge. This is in cor-
respondence with the observation that the critical phase
difference of the nanobridge (ϕc1 = 13.5 rad) is about 70%
larger than that of the Dayem bridge (ϕc2 = 7.9 rad), which
has a smaller effective length. However, for the nanobridge
of device u, which has a length L ∼ 319 nm, this esti-
mate provides ϕc,est ∼ 25 rad, which exceeds the value
obtained from the fitting procedure. Notably, this esti-
mate is an overestimate, as premature switching due to
thermal and quantum fluctuations does not allow the maxi-
mum fluctuation-free depairing current and corresponding
critical phase difference to be reached [44] (see Sec. V).
For device u, the depairing current can be estimated as
Idep = 2.6kBTc/eRξ = 52 μA, where Rξ is the resistance
of a length of wire equal to ξ [44]. This value exceeds
the experimentally measured critical current. The device
incorporates both a Dayem bridge and nanobridge, which
have different C�Rs. This results in different kinetic induc-
tances (slopes of the diamonds). The asymmetry in critical
currents (α = 0.01) remains small, but there is a strong
asymmetry in critical phase differences (γ = 0.26). The
latter relocates the top and bottom vertices of the vortic-
ity diamond [see Figs. 3(b) and 3(c)]. More specifically,
the top of the nv = 0 diamond (indicated in gray) is clearly
shifted from the B = 0 mT axis towards negative field
values.

Several SQUIDs containing one Dayem bridge and one
nanobridge (see Fig. 1) are investigated, upon changing the
dimensions (L, W) of the nanobridge. Figure 5(a) shows
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(a)
(b)

(c)

FIG. 4. (a) Critical current versus magnetic field for device u,
which contains a nanobridge of length L ∼ 319 nm and width
W ∼ 34 nm. Measured critical currents for positive (negative)
bias are shown in blue (red). Solid lines represent vorticity
diamonds generated by the model. Fitting parameters of the
vorticity diamonds are Ic1 = (17.1 ± 0.8) μA, ϕc1 = (13.5 ±
0.6) rad, Ic2 = (16.7 ± 0.6) μA, ϕc2 = (7.9 ± 0.6) rad, LK1 =
(261 ± 17) pH, and LK2 = (156 ± 15) pH. nv = 0 vorticity dia-
mond is indicated in gray. (b) Scanning-electron-microscopy
image of the investigated device; scale bar corresponds to 200
nm. Applied magnetic field, B, is oriented as shown. Bottom
SQUID arm corresponds to j = 1 in Eq. (2), top SQUID arm to
j = 2. Due to incomplete lift-off, the inner part of the SQUID
is not completely removed. (c) Magnification of the top (bot-
tom) vertices of the diamonds; positive currents are again shown
in blue, the absolute values of negative critical currents in red.
Dotted lines show how taking a nonlinear LK into account can
capture the shape of the diamond top.

experimental data corresponding to the nv = 0 vorticity
diamond for different devices and fitting using the model
in Sec. III. To compare different devices, critical cur-
rents are normalized to the top of their fitted vorticity
diamonds, I∗

c (B) = Ic(B)/Ic,max. Notably, to obtain critical-
current values in a particular field range, data obtained
using different measurement protocols are merged (see
Appendix). The estimated dimensions of the nanobridge
from scanning-electron-beam microscopy and the fitting

(a)

(b)

FIG. 5. (a) Field dependence of the current-normalized nv =
0 vorticity diamond for devices g (blue), c (red), m (purple), u
(light blue), v (burgundy), and w (green). Arrow at the top shows
the increase in the nanobridge length L. (b) Kinetic inductance
of the nanobridges, as obtained from the fitting procedure, versus
aspect ratio of the bridge for devices c, m, u, v, and w. Solid
line shows linear fitting, using LK = β(L/W)(�Rs/kBTc), where
Tc = 6 K and Rs = 88 �. Fitting yields β = 0.25 ± 0.04.

parameters obtained using the model from Sec. III are
shown in Table I.

It is clear that the slopes of the vorticity diamonds
change upon changing the nanobridge dimensions. In Fig.
5(b), the dependence of the nanobridge kinetic inductance
on the nanobridge aspect ratio, L/W, is shown, together
with the fitting result using the theoretical expectation for
kinetic inductance of a nanobridge [12]:

LK = β
L
W

�Rs

kBTc
. (8)

TABLE I. Nanobridge dimensions (length L and with W) are listed, together with fitting parameters of each device: each SQUID
arm is described by its critical current, Icj ; critical phase difference, ϕcj ; and the linear part of its inductance, LKj . Device g consists of
two Dayem bridges, so no nanobridge dimensions are given.

Device L (nm) W (nm) Ic1 (μA) Ic2 (μA) ϕc1 (rad) ϕc2 (rad) LK1 (pH) LK2 (pH)

g 27.5 ± 0.8 24.7 ± 0.9 10.2 ± 0.8 11.2 ± 0.1 122 ± 4 149 ± 6
c 101 ± 5 58 ± 5 58 ± 3 39 ± 4 15 ± 2 12 ± 2 84 ± 12 105 ± 21
m 176 ± 5 54 ± 5 49.9 ± 0.9 39 ± 1 18.4 ± 0.2 15.4 ± 0.2 121 ± 3 131 ± 4
u 319 ± 5 34 ± 5 17.1 ± 0.8 16.7 ± 0.9 13.5 ± 0.6 7.9 ± 0.6 261 ± 17 156 ± 15
v 313 ± 5 45 ± 5 23.3 ± 0.8 23 ± 1 15.2 ± 0.7 10.9 ± 0.7 215 ± 12 158 ± 14
w 338 ± 5 38 ± 5 28 ± 1 29 ± 1 19 ± 1 13 ± 1 225 ± 14 147 ± 13
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(a) (b)

(c)

FIG. 6. (a) I+
c (B) characteristics of device v, shown for different sweep rates (0.55, 37.5, and 75 mA/s). Gray dotted line shows that

the current-maximum position is only impacted by high sweep rates. (b) Dependence of the average nanobridge positive critical current
on sweep rate (SR) for device v at B = 0 mT, with sweep rates ranging from 0.275 to 150 mA/s. Inset shows the stochastic distribution
for selected sweep rate values. (c) Dependence of the standard deviation of the nanobridge positive critical current on sweep rate for
device v at B = 0 mT, with sweep rates ranging from 0.275 to 150 mA/s. At least 2500 critical currents per field value are collected
to calculate the average critical current and its standard deviation. Above this value, both the average and standard deviation converge
towards an asymptotic value for all sweep rates.

Here, Tc is approximately 6 K and the sheet resistance,
Rs, is estimated to be 88 �. From fitting, one obtains
β = 0.25 ± 0.04, whereas within the Ginzburg-Landau
framework, theory suggests β ∼ 0.14–0.18 [12,44]. This
indicates that the nanobridge kinetic inductance, and
hence, the diamond slope (and thus, SQUID sensitivity),
can be controlled by means of the bridge dimensions.
In comparison with the lift-off procedure used to fabri-
cate the samples in this work, a fabrication process that
relies on etching could be beneficial to reduce the variation
of device characteristics. Notably, the sheet resistance is
inversely proportional to the device thickness. The devices
studied here have a relatively large thickness, but it is pos-
sible to grow homogeneous Mo-Ge films as thin as 1 nm
[45,46], thereby providing an easy way to increase the
kinetic inductance even more.

Moreover, the position of the maximum critical current
position shifts to more negative field values compared with
device g, which corresponds to a larger difference in crit-
ical phase differences, ϕc1 − ϕc2. In particular, it shifts to
the left for increasing nanobridge lengths [see Fig. 5(a) and
Eq. (7)]. It is not straightforward to quantitatively compare
the critical phase differences and currents obtained from
the fitting procedure (see Table I), as some of the critical
currents are obtained using a different current sweep rate.
As thoroughly discussed in Ref. [47], high current sweep
rates have an effect on the maximum attainable critical cur-
rent and corresponding critical phase difference. This effect
is negligible for the sweep rates used in this section, as
demonstrated in Sec. V.

V. INFLUENCE OF SWEEP RATE

Figure 6(a) shows the critical current, I+
c (B), of one spe-

cific device (device v) for three different sweep rates (0.55,
37.5, and 75 mA/s). The right side of the figure shows the
average value, 〈I+

c 〉 [Fig. 6(b)], and standard deviation, σ

[Fig. 6(c)], of the critical current at one specific field value
(B = 0 mT), which corresponds to probing the nanobridge.
The inset of Fig. 6(b) shows the stochastic distribution for
selected sweep rate values (4, 37.5, 75, and 150 mA/s).

It is clear that the maximum attainable critical current
increases for the highest sweep rates. This can be explained
as follows: due to thermal and quantum fluctuations of
the superconducting phase (called phase slips), the sample
transits to the normal state before reaching the maximum
pair-breaking current [37,48]. In the ideal fluctuation-free
case, ϕc in Eq. (1) is determined by the condition where
Is reaches the depairing current limit. As such, the mea-
sured C�R, which is sensitive to fluctuations, only reflects
part of the ideal fluctuation-free C�R. If one could sweep
infinitely fast, the timescales of these fluctuations would
be too large to have an effect and the critical current would
be equal to the depairing current. This means that, by
using higher sweep rates, it is possible to better approach
the ideal C�R [47]. For this device, the depairing cur-
rent can be roughly estimated to be Idep ≈ 60 μA [44],
which agrees with the data shown in Fig. 6(b). Figure
6(c) illustrates that the standard deviation of the critical-
current distribution also increases for increasing sweep
rates. This could indicate that fewer consecutive phase-slip
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events are needed to switch to the normal state for high
sweep rates (i.e., higher average critical current), which is
directly linked to the stronger thermal footprint of a phase-
slip event at higher currents (i.e., higher average critical
current) [48–51].

Figure 6(a) shows that the shift of the vorticity diamond
top is only pronounced at higher sweep rates and very
small between 0.55 and 37.5 mA/s. The data shown in Fig.
5(a) are obtained with maximum sweep rates of 4 mA/s,
that is, in a regime where the influence of the sweep rate is
negligible, making quantitative comparison between dif-
ferent devices possible. Notably, the diamond slope, and
thus, the kinetic inductance, is insensitive to the current
sweep rate.

VI. CONCLUSION

Here, we study Mo79Ge21 superconducting nanobridges
and their C�R by imbedding them in a SQUID. The
response of these SQUIDs is completely determined by
their high kinetic inductance, LK , making the critical
current versus magnetic field oscillations, Ic(B), of the
SQUIDs directly reflect the C�R of the nanobridge. For
T � Tc, the C�R is linear everywhere apart from close
to the critical phase difference. This nonlinearity can be
understood as kinetic suppression of the condensate. We
demonstrate that the SQUID’s Ic(B) characteristic is tun-
able through lithographic control over the nanobridge
dimensions. LK scales linearly with the nanobridge aspect
ratio, L/W. This tunability and magnitude of LK , together
with its nonlinearity, make our Mo79Ge21 nanobridges
extremely suitable for many applications, ranging from
magnetic memories [11] to microwave detectors [12,13].
Furthermore, the measured LK can be maximized further
by limiting the device thickness. This opens up the pos-
sibility to use the Mo79Ge21 nanobridges as phase-slip
centers for phase-slip flux qubits [44].
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APPENDIX: MEASUREMENT PROTOCOLS

All measurements are performed at 300 mK in an
Oxford Instruments Heliox VL 3He cryostat. During these
measurements, a room-temperature π filter with a cutoff
frequency of 1 MHz is consistently used.

Flux oscillations are measured using a standard four-
probe technique, using different protocols. We obtain Ic(B)

data by performing a standard VI measurement at a par-
ticular B value. This method only reveals part of the Ic(B)

curves, sometimes resulting in only a few data points for
one particular branch. This makes it complex to perform

FIG. 7. Positive flux oscillations, I+
c (B), of a Mo79Ge21

nanobridge SQUID. Unique vorticity diamond of nv = 3 is indi-
cated by the gray area. System is prepared in the nv = 3 vorticity
state by repeatedly applying a bias current in the unique vorticity
diamond, as indicated by the red square. After that, the field is
changed to the readout value under zero bias current. Once there,
the critical current is measured by taking a regular VI , as shown
by the green triangle. By repeating this process, both branches of
the diamond can be probed. Same procedure is applicable to the
other vorticity diamonds.

an accurate fitting. To solve this problem and to generate
more data points along each branch, a preparation protocol
based on that introduced in Ref. [11] is employed. In this
procedure, the concept of a “unique vorticity diamond” is
exploited. In the unique vorticity diamond, shown as a gray
shaded region in Fig. 7, there is only one stable vorticity
state.

To prepare the system in a specific vorticity state, we
can apply an external magnetic field corresponding to the
unique vorticity-diamond field range. Then, we repeatedly
apply a bias current, which leads to switching to the normal
states for all vorticity states, except for the one associ-
ated with the unique vorticity diamond (shown by the red
square). Once prepared, the system is driven to the read-
out field value under zero bias. When the readout value is
reached, the critical current is measured through a regu-
lar VI (indicated by the green triangle). This allows us to
probe a larger part of each vorticity diamond.

To generate more Ic values at every field value, we
use the setup shown in Fig. 8. This setup allows us to
collect many VI curves in a short period of time. For
this, a triangular ac current wave signal is applied using
a function generator (Keithley K6221). The current-bias
amplitude and frequency can be controlled, resulting in a
controllable current sweep rate. The sample response is
acquired via a low-noise preamplifier (Stanford Research
Systems SR560), after which the amplified signal passes
to a digital phosphor oscilloscope (Tektronix TDS5032B).
LabView software was developed to automatically extract
the switching current from the collected VI values using a
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FIG. 8. Schematic overview of the ac setup.

voltage criterion. The field is controlled through a current
(supplied by a Keithley K2400 instrument) pushed through
superconducting magnetic coils.
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