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A charge current can flow between two superconductors
separated by a thin barrier. This phenomenon is the Josephson
effect, which enables a current to tunnel at zero voltage',
typically with no phase shift between the superconductors in
the lowest-energy state. Recently, Josephson junctions with
ground-state phase shifts of &, proposed by theory three decades
ago’, have been demonstrated®®. In superconducting loops,
T-junctions cause spontaneous circulation of persistent currents
in zero magnetic field’, in analogy to spin-1/2 systems®. Here
we use a scanning superconducting quantum interference
device microscope’ to image the spontaneous zero-field
currents in superconducting networks of temperature-controlled
f-junctions with weakly ferromagnetic barriers’. We find an
onset of spontaneous supercurrents at the 0-m transition
temperature of the junctions, T, &~ 3 K. We image the currents
in non-uniformly frustrated arrays consisting of cells with
even and odd numbers of m-junctions. Such arrays are
attractive model systems for studying the exotic phases of the
two-dimensional XY-model®*® and achieving scalable adiabatic
quantum computers'.

A conventional Josephson junction has the same phase
in both superconductors in the ground-state wavefunction and
supports a supercurrent in the direction of the applied phase
difference ¢, as described by the classic Josephson current—phase
relation I,(¢) = I.sin(¢), where I. > 0 is the critical current.
In a m-Josephson junction, it is energetically favourable for the
superconducting ground-state wavefunction to change its sign
across the tunnelling barrier so that a small phase difference
drives a supercurrent in the opposite direction. Thus, m-Josephson
junctions have a negative critical current I, < 0 and a current—phase
relation of the form I,(¢) = —|I.|sin(¢) = |I.|sin(¢ + 7). The
Josephson coupling can be described by the overlap of the
superconducting wavefunctions that decay exponentially into the
barrier from the superconducting electrodes, a phenomenon
known as the proximity effect. If the barrier is a ferromagnet,
the exchange interaction introduces an energy splitting between
the spin-up and spin-down electrons forming the Cooper
pairs, leading to a finite-centre-of-mass-momentum state for
the pairs"™®. This results in a damped spatial oscillation of
the proximity-induced superconducting wavefunction', which
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strongly modifies the Josephson effect. In fact, such oscillations
can be directly observed in the dependence of the critical current
of superconductor—ferromagnet—superconductor (SFS) junctions
on the ferromagnet thickness'. As the barrier thickness is
varied, the coupling between the wavefunctions of the left
and right superconductors oscillates and changes sign, inducing
a series of transitions into and out of the m-junction state.
For this experiment, we prepared arrays of Nb—Cu,,Nis;;—Nb
junctions near the first (thinnest) 0—g transition barrier thickness,
approximately d = 11 nm for the weak ferromagnetic alloy used.
Because the ferromagnetic barrier is diffusive, the wavelength
of the order parameter oscillation depends on temperature.
In our junctions, the oscillation period changes by ~0.1nm
per degree kelvin, enabling transitions between 0-junction and
s-junction states to be observed in a single junction as a function
of temperature.

A remarkable manifestation of the m-state of Josephson
junctions is the generation of spontaneous persistent currents in
superconducting loops incorporating odd numbers of rt-junctions.
Such currents are called spontaneous because no applied magnetic
fields or power sources are required to create or sustain them. These
currents arise to satisfy the fluxoid quantization conditions in the
loops in response to the m-shifts across the junctions. Because the
ground state of a loop with a single r-junction is doubly degenerate
with respect to the spontaneous-current direction, s-junctions
have been proposed as elements for superconducting flux qubits'®.
Ferromagnetic m-junctions are particularly promising as qubits
owing to the absence of internal decoherence'®. In contrast,
other m-junction implementations rely on low barrier resistances,
resulting in large dissipation and dephasing. For example, mwt-shift
circuits”” based on high-temperature superconductors can be
prone to decoherence owing to nodal quasiparticles'®, whereas
recently demonstrated superconductor—ferromagnet—insulator—
superconductor tunnel junctions realized using easily scalable
niobium-trilayer and aluminium-shadow-mask technologies do
not introduce additional decoherence®.

We fabricated two-dimensional square arrays of SFS Josephson
junctions with various geometries. In each array, some of
the cells were frustrated with three m-junctions, whereas other
cells had either two or four m-junctions and were therefore
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Figure 1 m-junction arrays. a, Schematic diagram of a single frustrated array cell. Ferromagnetic CuNi layers windowed by a SiO layer (not shown) are sandwiched
between cross-shaped superconducting Nb electrodes to form SFS junctions. b, In an unfrustrated cell with an even number of st-junctions, the spontaneous flux is zero in
the lowest-energy state; in a frustrated cell with an odd number of st-junctions spontaneous currents generate magnetic flux of order & &, /2. ¢, Optical image of a6 x 6
fully frustrated array. d, SSM image of an unfrustrated array in small applied magnetic flux (< &, /2 per cell) showing contrast from superconducting niobium. e, SSM image
of a fully frustrated 6 x 6 array in the rt-state with zero applied field. The vertical magnetic-field scale is not accurately calibrated but is approximately in units of m &,

detected by the SQUID.

unfrustrated (Fig. 1b). In the unfrustrated cells, the ground-state
configuration corresponds to each junction being in its lowest-
energy state with a phase drop of @ and no circulating current.
In contrast, frustrated cells (with sufficient inductance) require a
spontaneous current to maintain flux quantization and minimize
their energy. Therefore, although screening currents may circulate
in all cells in the presence of applied magnetic fields, spontaneous
currents appear only in frustrated cells.

An optical microscope image of a 6 X 6 uniformly frustrated
array (all cells frustrated) is shown in Fig. lc. To elucidate the
structure of the array, a sketch of a single frustrated cell is shown
in Fig. la. Each cell is created by overlapping two pairs of cross-
shaped superconducting Nb electrodes of thickness 100 nm (base)
and 240nm (top). An insulating layer of 150 nm thick SiO
with windows of area 4 x 4um?’ created by a lift-off lithography
process separates the two superconducting layers. In three of the
four overlap areas, ferromagnetic Cu,;Nis; barriers of thickness
d = 11nm are deposited to create SES Josephson junctions. In
the fourth overlap area, the base and the top superconductors are
connected directly to form a superconducting contact instead of an
SES junction. Unfrustrated cells would have ferromagnetic barriers
in all four (or two of four) overlap areas. The periodicity of our
arrays is 30 um, with each cell having an open area of 15 x 15 pm?,
corresponding to a geometric inductance of ~25 pH.

The scanning superconducting quantum interference device
(SQUID) microscope (SSM) measures the average vertical
magnetic field in a superconductor pickup loop scanned over the
surface of a planar sample. The pickup loop, which is coupled to
a d.c. SQUID detector via a superconducting flux transformer, is
fabricated on a Si wafer that is bevelled to form a tip. The sensor
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assembly is hinged so that it rests at a small angle (~5°) from the
substrate with the tip in contact with the surface, maintaining the
pickup coil at a distance of 2—3 um from the surface. The SSM
has a spatial resolution of 5—10um, determined by the size of
the pickup loop, and a magnetic flux sensitivity of 10~ @,, where
P, ~2.05x 107" Wb is the quantum of magnetic flux. The SSM
operates in a high-permeability p-metal-shielded cryostat with a
residual magnetic field of less than 10 mG and a base temperature
of 1.5 K. A uniform magnetic field up to 100 G perpendicular to the
scanning plane can be applied from a Helmholtz coil. SSM imaging
has also been used in the past to investigate spontaneous currents in
loops incorporating d-wave superconductors®, in which intrinsic
phase shifts of 7t between orthogonal tunnelling directions® cause
similar phase frustration.

After the residual magnetic field in the cryostat was
compensated with the magnetic field applied from a Helmholtz
coil to yield net zero magnetic field, images of unfrustrated arrays
showed no contrast at all temperatures. However, in a magnetic
field of 1-5mG, below the threshold field at which magnetic-
field-induced vortices enter the array, the array structure becomes
visible because the superconducting islands screen the inductance
of the SQUID pickup coil, as shown in Fig. 1d for a 6 x 6 cell
array. In contrast, all s-junction arrays with frustrated cells show
spontaneous circulating currents. As an example, Fig. 1e shows an
SSM image of a uniformly frustrated 6 x 6 array cooled below the
T-state cross-over in zero magnetic field. Over most of the array, the
arrangement of spontaneous currents is antiferromagnetic, with
the direction of the spontaneous currents alternating in adjacent
array cells to produce a checkerboard magnetic flux pattern, as
expected for the ground state configuration. However, deviations
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Figure 2 Designed frustration. SSM images of various array geometries in the
nt-state at T=1.5K with diagrams indicating the frustration patterns: a, 2 x 2
arrays in zero applied magnetic field showing spontaneous currents only in
frustrated cells, b, 3 x 3 arrays in a 2 mG applied magnetic field,

¢, antiferromagnetic state of a fully frustrated line array showing variations in the
magnitude of the spontaneous currents.

from antiferromagnetic patterns are often observed, including in
this image, because arrays can cool into metastable excited states in
which one or more spontaneous currents are flipped.
Antiferromagnetic current patterns observed in a uniformly
frustrated array cannot serve as definitive proof of spontaneous
currents and of the existence of a m-junction state. Indeed, a
magnetic-flux pattern like the one shown in Fig. le can occur owing
to screening currents in an array of conventional junctions if the
applied magnetic flux is close to 0.5 @, per cell. As a result, previous
phase-sensitive experiments, although capable of demonstrating
temperature-driven 0—gt transitions, relied on the knowledge of
the order-parameter oscillation length to define the s-junction side
of the transition**?. To distinguish unambiguously spontaneous
currents induced by s-junctions from screening currents that arise
in superconducting loops when magnetic fields are present, we
have prepared arrays with non-uniform frustration. In Fig. 2a
we show an SSM image of a variety of such arrays obtained at
temperature T = 1.5K, along with the corresponding frustration
patterns indicated by the diagrams. In all of our images taken
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in nominally zero applied magnetic field, currents occur only in
the frustrated cells, a unique signature of the m-junction state.
Figure 2b shows two 3 x 3 arrays imaged in finite magnetic field
B~ 2mG. The effect of the magnetic field is to induce all of the
spontaneous currents in the same direction.

Close to the transition into the m-junction state, the critical
current density of SFS junctions is highly sensitive to variations in
the ferromagnetic barrier thickness (at the rate of 1,000 A cm™ per
nm) and to the local ferromagnetic exchange interaction. All of the
frustrated cells we have imaged have the same area and contain
three nominally identical SFS junctions so that the magnitudes
of flux in the cells should be comparable. However, as illustrated
by Fig. 2¢c, which shows a one-dimensional uniformly frustrated
array, the magnitudes of the spontaneous currents vary from cell
to cell by as much as 50% owing to a distribution of critical
currents of the SFS junctions. This variation in the spontaneous
currents suggests that the critical current density of our junctions
has a range of 100—300Acm™ at T = 1.5K, consistent with the
effective barrier-thickness variations of 1-5 A previously observed
in such junctions®.

The energies of spontaneous current configurations can be
obtained from simulations of the Josephson phase dynamics of the
arrays. In the simulations, the phase differences across the junctions
are randomly initiated, and then allowed to evolve according to
the equations describing the Josephson dynamics and the loop
phase coherence until relaxed into either the ground state or into
a metastable state corresponding to an irregular arrangement of
spontaneous flux. We include only nearest-neighbour (adjacent-
cell) coupling in our simulations because longer-range magnetic
coupling is negligible. The free energy can then be calculated for
each state as a sum of the Josephson coupling energies of all
junctions and inductive energies of the supercurrents in all loops.
Calculated energy spectra (in units of the Josephson coupling
energy E;) for 2 X 2 m-junction arrays with full frustration and
checkerboard frustration (alternating frustrated and unfrustrated
cells) as a function of applied magnetic field are plotted in
Fig. 3. Also shown are SSM images taken at T = 1.5K of the
ground and metastable states in zero magnetic field. It can be
noted that, in contrast to arrays of conventional O-junctions,
the lowest-energy state is achieved at a finite value of the
applied magnetic flux. When the applied magnetic flux is zero,
the lowest-energy state is antiferromagnetic for both types of
frustration. However, the energy gap separating the ground state
from the first metastable state, with the spontaneous current
of one cell reversed, is lower in checkerboard-frustrated arrays.
This is because the closest current-carrying cells do not share a
branch but rather couple via adjacent unfrustrated cells. It can
also be seen from the simulations that the Josephson energy
never reaches zero in checkerboard-frustrated arrays as it does
in fully frustrated arrays. This is true for any non-uniform
frustration pattern and indicates that in the m-junction state
currents circulate in non-uniformly frustrated arrays at any applied
magnetic field.

We can monitor the onset of spontaneous currents in an
array by taking images at a series of different temperatures. We
expect such currents to onset only below the m-state transition
temperature T, of the individual junctions in the array. To estimate
T, we measured the temperature dependence of the critical current
of a single isolated SFS junction fabricated on the same chip. The
critical current, obtained from the current—voltage characteristics
as shown in Fig. 4a, vanishes at T ~ 2.9 K, which we identify as T.

The temperature evolution of spontaneous currents in a
6 X 6 checkerboard-frustrated array is shown in Fig. 4b—d. No
spontaneous currents were observed at temperatures well above T,
as illustrated by the SSM image in Fig. 4b, which was obtained at
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Figure 3 Spontaneous current configurations. a,b, Calculated array free energies in units of the Josephson coupling energy E, = I, &, /2 as a function of the applied
magnetic flux per cell and SSM images of corresponding spontaneous current configurations in 2 x 2 arrays with full frustration (a) and checkerboard frustration (b).
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Figure 4 Temperature-driven onset of spontaneous currents. a, Temperature dependence of the critical current of a single SFS junction showing a st-junction state below
T=2.8K. The sign of the critical current is indicated but cannot be determined from current-voltage characteristics alone. b—d, SSM images of a 6 x 6
checkerboard-frustrated array taken at T=4.0K, 2.8 K and 1.6 K. The vertical magnetic field scale is approximately in units of m &, detected by the SQUID. e, Variance of
the magnetic flux generated in the array at different temperatures (solid dots) superimposed on the calculated spontaneous-flux-onset curve for a loop of inductance

L =25 pH with a single SFS junction (solid line). The dashed line indicates the baseline set by SQUID detector noise.
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T =4.0K and shows no significant contrast. The nucleation of
spontaneous currents in multiply connected circuits incorporating
mi-junctions depends on the energy balance between the Josephson
coupling energies of the junctions E; = I. §,/2m and the magnetic-
field energy in the loops E; = LJ*/2 associated with the circulating
current J. In Fig. 4c, after we cool to T = 2.8K, just below
the expected transition into the m-junction state, flux from
spontaneous currents can be discerned but individual vortices
cannot be resolved. The reason is that the critical currents of SFS
junctions become very small close to T, so the ratio E /E; < 1,
making the characteristic size of the vortices much larger than a
single cell. In this regime, the spontaneous flux generated by each
frustrated cell is much smaller than 0.5®, (by roughly a factor
of E;/E;). Because in the vicinity of T, temperature variations of
order 0.1 K-1.0 K result in two to three orders of magnitude change
in Ej, m-junction arrays are suitable for tunable vortex dynamics
experiments, which were previously possible only at temperatures
close to the superconducting critical temperature T..

Figure 4d shows an SSM image of the array obtained at
T =1.6 K. At temperatures well below T, the spontaneous currents
are bigger, and the checkerboard frustration can be resolved. In
Fig. 4e we plot the r.m.s. SQUID voltage obtained by averaging
the SSM signal over the array at different temperatures. There
is an onset of spontaneous current that occurs at T ~ 3 K. For
comparison, on the same graph we show the calculated temperature
dependence for the onset of spontaneous magnetization in an
isolated cell frustrated by a single m-junction’. The parameters
of the junction were chosen to give an onset of flux near that
observed in the array. We find that the onset of flux in the array is
substantially broader than that for a single loop owing to variations
in the SFS junction barrier thicknesses and corresponding spread
in T, values of individual junctions. The ratio of the Josephson
coupling energy E; to the inductive energy E; required to generate
a magnetic flux of 0.59, is E;/E, = (I.9,/2m)/(P;/87*L) ~ 5
at our lowest achievable temperature T = 1.5K, from which we
estimate that the spontaneous magnetic flux in each frustrated cell
reaches 0.4 9,.
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