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The current-phase relationship has been measured as a function of temperature for niobium nanobridges with
different widths. A deformation from Josephson-like sinusoidal characteristics at high temperatures to sawtooth
shaped curves at intermediate and multivalued relationships at low temperatures was observed. Based on this,
possible hysteresis in the current-voltage characteristics of niobium nanobridge superconducting quantum
interference devices can be attributed to phase slippage.
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I. INTRODUCTION

One of the fundamental characteristics of superconducting
structures is the relationship between the supercurrent
through and the phase difference across the structure. The
prediction1 and first experimental verification2 of periodical
current-phase relationships �CPRs� in superconductor-
insulator-superconductor tunnel junctions triggered the onset
of research on Josephson devices. Much of the classical stud-
ies on this subject focused on structures where two supercon-
ducting layers are separated by a barrier with a thickness of
the order of the superconducting coherence length ���. With
the advances in nanotechnology, the development of super-
conducting structures with lateral dimensions of the order of
� also became possible. Examples of such systems are super-
conducting nanobridges, which, when of sufficiently small
dimensions, are known to exhibit a periodical CPR.3,4 Based
on this similarity to classical Josephson tunnel junctions, the
development of superconducting quantum interference de-
vices �SQUIDs� incorporating two of such nanobridges has
been a topic of ongoing research, e.g., for the detection of the
magnetization reversal of small magnetic clusters5–7 and in
scanning SQUID microscopes.8–11 The application of super-
conducting nanobridges as single photon detectors, for in-
stance, as described in Ref. 12, has been a topic of interest in
recent years. In addition, hot electron bolometers based on
superconducting nanobridges are explored as detectors in as-
trophysical observations at terahertz frequencies.13 Recent
fundamental interest in superconducting nanobridges has fur-
thermore been motivated by the possible application of such
structures in flux qubits.14,15

Even though applications based on the Josephson-like
characteristics of superconducting nanobridges have been in-
vestigated extensively, up until now, the exact nature of the
CPRs in these structures has mainly been studied theoreti-
cally. It is predicted to be dependent on the dimensions of the
structure. According to the Kulik-Omelyanchuk model,16 a
gradual temperature �T� dependent deformation of the CPR
from sinusoidal at high T to sawtoothlike at lower T is ex-
pected in the clean limit. Strongly nonsinusoidal CPRs at

low T are also predicted in the diffusive regime for nano-
wires with lengths L� ��0l�1/2 �where �0 is the BCS coher-
ence length and l the electronic mean free path� and small
transverse sizes W�L. These models were qualitatively veri-
fied for the CPR in clean ballistic niobium point contacts.17

Recent quantitative agreement between experiment and
theory was reported for aluminum atomic contacts.18

Likharev and Yakobson first considered the effect of an in-
creasing weak link length on the CPR for structures in which
the temperature is close to the critical temperatures of both
the electrodes �Tc� and the nanobridge �Tc��.19 Their model
describes a similar deformation of the CPR, from sinusoidal
to sawtoothlike, as a function of increasing bridge length.
Furthermore, at a critical length L�3.5�0�T�, with �0�T� the
Ginzburg-Landau �GL� coherence length, the nature of the
CPR becomes multivalued. In this limit, superconductivity is
suppressed above the critical current by phase slippage of the
superconducting order parameter ��� in the structure. Dur-
ing a phase slip, the order parameter fluctuates to zero, al-
lowing the relative phase to relax by 2� and resulting in a
voltage pulse. In the GL regime, this model was extended to
two dimensions in Ref. 20. For wide �a�3.5��T�� and long
�L�4.4��T�� nanobridges, the coherent motion of vortices
across the structure is expected to determine the CPR.

For fixed values of the bridge length and Tc=Tc�, the de-
scribed deformation of the CPR and crossover as a function
of decreasing temperature were discussed quantitatively by
Kupriyanov et al.21 within a model valid at arbitrary tem-
peratures. In terms of the GL approach, this can be explained
by the fact that ��T� increases as a function of temperature,
which, for fixed L, is physically similar to a decrease of the
effective bridge length. Based on the models discussed
above, the predicted transition of the CPR in a superconduct-
ing nanobridge �L� ��0l�1/2� is qualitatively depicted in Fig.
1. The dotted line corresponds to the sharp drop in phase
related to the phase slip mechanism.

Previously, the described crossover was studied only in-
directly in experiment by measuring the power dependence
of Shapiro steps in the current-voltage �IV� curves of
microwave-irradiated Sn microbridges.22 This study con-
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firmed the existence of a boundary between the Josephson
effect and the coherent motion of Abrikosov vortices in the
bridges. Also, direct experimental observations of the defor-
mation of the CPR in the single-valued regime for indium
microbridges were reported in 1980.23 The transition to the
regime where phase slippage of the superconducting order
parameter determines the CPR was, however, not verified in
this study.

In this paper, we describe direct measurements of the tem-
perature dependent CPR on niobium nanobridges, patterned
by means of focused ion beam �FIB� milling. We demon-
strate the cross-over from the Josephson effect to multival-
ued characteristics corresponding to the nucleation of phase
slip centers in the structure due to current induced depairing
effects. The results agree qualitatively with theoretical pre-
dictions.

II. EXPERIMENT

The conducted CPR measurements were based on a
method where the weak link of interest is incorporated in a
superconducting loop of small inductance �LL�.24,25 This ring
is inductively coupled to a tank circuit with inductance LT
and high quality factor �Q� via a mutual inductance �M�. The
tank circuit is driven by a dc bias �Idc� current and a super-
imposed radio frequency current �Irf� with a frequency �0

close to its resonance frequency. The measurements are
based on monitoring the phase shift � between the tank cir-
cuit voltage U and Irf. For sufficiently small signals, this
results in the following relationship:26

tan � =
M2Q

LTLL

	f��
�
1 + 	f��
�

, �1�

with 	=2�LLIc /�0 and Is�
�= Icf�
�. In this equation, Ic is
the critical current of the weak link and Is the supercurrent
passing through it, with �0 being the magnetic flux quantum
�h /2e�2.07�10−15 Wb�. The phase difference 
 across the
structure is biased by the external magnetic flux generated by

Idc. The CPR is given by 	f�
� and, if single valued, can be
reconstructed from measured ��Idc� curves.

A scanning electron micrograph showing the geometry of
a realized sample is displayed in Fig. 2. All samples are
composed of a large Nb tank circuit input coil �30 turns,
LT�65 nH, layer thickness �200 nm� and a small Nb nano-
bridge coil of �50 nm thickness �LL�5.4 pH or LL�8.3
pH, depending on the specific geometry� in which the nano-
bridge is patterned, located in the center of this coil. The
additional flux bias lines are not used in the described ex-
periments. Apart from the FIB patterning of the nanobridges,
all structures were defined by means of optical and electron
beam lithography. The Nb films and interlaying insulating
layers of SiOx were grown by magnetron sputtering. The
actual patterning of the nanobridges is based on a 25 keV Ga
FIB process and is described elsewhere.11

III. RESULTS AND DISCUSSION

In Fig. 3, several ��Idc� characteristics recorded at
different temperatures are displayed for a sample consisting
of a 60 nm wide, 150 nm long bridge, patterned in a coil
with LL�5.4 pH. To improve the clarity, vertical offsets
have been added to the different characteristics. For
the curves displayed in the upper part of this graph
�4.18 KT4.81 K�, jumps in the ��Idc� characteristics
�discontinuities in ���Idc�� can be discerned. Since ��Idc� is
directly related to 	f��
� through Eq. �1�, such dependencies
can be explained by discontinuities in the measured CPR of
the sample. Qualitatively, this corresponds to a multivalued
character of the CPR, as was shown in Fig. 1. It can thus be
concluded that at these temperatures, the nature of the CPR
is determined by phase slippage in the structure.

For higher temperatures �T�4.98 K�, continuous ���Idc�
curves are measured, corresponding to single-valued CPRs
�and thus Josephson-like weak link characteristics�. From
these characteristics, the 	f�
� curves can be reconstructed.
The results of such calculations for the ��Idc� curves dis-
played in Fig. 3 are shown in Fig. 4. Qualitatively, a defor-
mation from sinusoidal characteristics at high temperatures

FIG. 1. Schematical representation of the temperature dependent
deformation of the CPR of a superconducting nanobridge. The dot-
ted part of the multivalued characteristic corresponds to the nucle-
ation of a phase slip center in the structure.

FIG. 2. Scanning electron micrograph displaying the sample
layout for CPR measurements. The nanobridge is patterned by
means of FIB in a small Nb ring centered in the tank circuit coil.
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to sawtoothlike dependencies at lower temperatures can be
discerned. This is in agreement with predictions made by
Kupriyanov and Lukuchev,20 as was described in the Intro-
duction. From the maximum value of 	f�
�, the critical cur-
rent of the nanobridge can be estimated �Eq. �1��. Close to
the crossover from the single- to multivalued CPR regimes
�T=4.98 K�, this yields Ic�12 �A.

Similar measurements to the ones reported above for the
60 nm wide Nb nanobridge were performed for a bridge with
a width of 30 nm and a length of 150 nm, incorporated in a
coil with LL�5.4 pH. At T=4.2 K, single-valued CPRs were
determined for this sample. For decreasing temperatures, the
transition to phase slippage in the structure was observed
around T=2.65 K. Based on the maximum value of 	f�
�, it
was determined that, close to the crossover, Ic�12 �A,
which, within the accuracy of the method, is the same as for
the 60 nm wide structure.

As described in the Introduction, it is expected that for
narrow nanobridges, the nature of the CPR at fixed tempera-

tures is dependent on the length of the structures. The
bridges described above, however, have identical geometri-
cal lengths. The difference in the nature of the CPR at
T=4.2 K can be explained by the fact that the bridges have a
hyperbolic shape. For such structures, the effective length
�Lef f�, which can be significantly larger than the geometrical
length, is dependent on the width of the bridge.3 The relative
effective length of the nanobridges, determined by the rela-
tion of Lef f to ��T�, can thus differ significantly from one
structure to the other. The fact that for both samples the
critical currents close to the transition from multi- to single-
valued CPRs were determined to be approximately identical
could be explained by the fact that Ic is merely a function of
the effective dimensions of the structure;3 i.e., for both struc-
tures, the crossover is expected for similar values of
Lef f /��T�.

In both cases, Ic was determined as the maximum current
at the point of transition from single- to multivalued CPRs. If
the walls of the bridge are ideal, it can be expected that
superconductivity in the structure is destroyed by supercur-
rent induced depairing effects. To test this suggestion, we
plotted the experimental data in units of eIs�
�RN /2�kbTc,
together with the theoretical curves calculated in Ref. 20.
The results of this comparison are shown in Fig. 5.

From this figure, it can be concluded that there is good
qualitative agreement in the shapes of the curves. To obtain
quantitative agreement, a value of RN of more than an order
of magnitude larger than typically measured values was
used. A suggested explanation for this is that the destruction
of superconductivity in the structure occurs due to the pen-
etration of Abrikosov vortices into the bridge rather than by
depairing by a bias current. This mechanism of destruction is
achieved at smaller supercurrent densities and, like in ordi-
nary superconducting films, is not dependent on the length of
the structure but on the probability of vortex nucleation in an
inhomogeneity in the sidewalls of the bridge. This could thus

FIG. 3. Measured phase difference � as a function of Idc through
the tank circuit coil for different temperatures for a nanobridge with
a width of 60 nm. A transition from discontinuous to continuous
���Idc� characteristics can be noted for increasing temperatures.

FIG. 4. Calculated CPRs in the single-valued regime for the
��Idc� characteristics shown in Fig. 3.

FIG. 5. Experimentally determined CPRs, as shown in Fig. 4, in
units of eIs�
�RN /2�kbTc and calculated CPRs for a bridge with
L=10� and Tc�=Tc. The data were fitted with the following param-
eters: RN=143 � and Tc=8.9 K.
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be another explanation for the similarity of the critical cur-
rents of the bridges near the crossover.

Based on theory, phase slippage in the structure results in
both intrinsic27 and thermal hysteresis28,29 in the IV charac-
teristics of a superconducting nanobridge. In practice, this
means that, in order to obtain electronic components with
nonhysteretic IV characteristics, the nature of the CPR
should be single valued. In the proceeding part, the results
obtained from the CPR measurements will be qualitatively
compared to the electronic properties of realized SQUIDs
based on similar nanobridges.

For single-valued CPRs, the electronic properties of the
Nb nanobridges are expected to resemble conventional Jo-
sephson junctions. In this case, hysteretic IV characteristics
are expected for 	c=2�R2CIc /�0, with R and C the bridge
resistance and capacitance, respectively. At T=4.2 K,
typical values for R are 10–20 �. The capacitance of a
nanobridge is approximated by a parallel plate configuration
consisting of the two banks of the electrodes: C=�0d /A, with
�0�8.8�10−12 F /m the permittivity of free space, d the
separation corresponding to the geometrical bridge length
��150 nm�, and A the transverse area of the banks
��5 �m�50 nm�. This yields a negligibly small value of
C�10−17 F. Given these values for R and C, 	c�1 for
Ic=12 �A. Based on this discussion, patterned Nb nano-
bridges with Ic=12 �A at T=4.2 K are likely to exhibit non-
hysteretic IV characteristics at this temperature.

In Fig. 6, the IV characteristics at T=4.2 K of two
SQUIDs based on Nb nanobridges of different widths �A:
w�65 nm, B: w�30 nm� but similar lengths ��150 nm�
and heights ��50 nm� are displayed. Significant hysteresis
can be noted in the curve belonging to device A, for which
Ic�40 �A was determined. The characteristic of SQUID B,
with Ic�20 �A, is nonhysteretic. Similar results have been
obtained at T=4.2 K for SQUIDs based on bridges with dif-
ferent critical currents.11 Typically, at this temperature, the IV
characteristics of devices with Ic�25 �A ��2�12 �A� are
nonhysteretic. For SQUIDs with larger critical currents, the
characteristics are hysteretic. Since 	c�1 for all these de-
vices, it can be concluded that the onset of this hysteresis is
determined by the transition from single- to multivalued
CPRs in the nanobridges and not by the resistive and capaci-
tive shunts. dc SQUIDs are commonly operated by shunting
the device at a current I� Ic and measuring the field-
dependent voltage. Since this type of operation requires non-
hysteretic IV characteristics, based on the described results, a

practical limit can be set to the critical current of applicable
Nb nanobridge based SQUIDs �Ic�25 �A�.

In conclusion, we have presented direct measurements of
the temperature dependent deformation �from sinusoidal to
sawtoothlike� of the current-phase relationship in niobium
nanobridges. At low temperatures, single-valued characteris-
tics reminiscent of Josephson-like behavior are measured. A
transition to multivalued characteristics, which are expected
in the case of phase slippage in the structure, was observed at
T=4.89 K for a 60 nm wide bridge and at T=2.65 K for a
30 nm wide bridge. Finally, given the presented current-
voltage characteristics of SQUIDs based on similar nano-
bridges, it can be concluded that the possible hysteresis in
these characteristics is related to phase slippage in the struc-
ture. For SQUIDs based on nanobridges with single-valued
CPRs, nonhysteretic IV characteristics are observed.
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