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Observation of interacting Josephson vortex chains by magnetic force microscopy
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The ability to control Josephson vortices is instrumental for development of superconducting cryoelectronics.
However, direct visualization of multivortex states in Josephson junctions is a challenging task. Here, we employ
a magnetic force microscopy (MFM) for the analysis of planar Josephson junctions. We observe a specific MFM
response, seen as a chain of small rings. By changing the applied field, we show that the number of rings is
equal to the number of flux quanta in the junction. Therefore, each ring represents an individual vortex in a
one-dimensional vortex chain within the junction. Our observation demonstrates that the MFM technique can be
used for visualization of Josephson vortices and for probing their spatial configurations and mutual interaction.
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Abrikosov and Josephson vortices (AVs and JVs) represent
topological objects in superconductors and Josephson junc-
tions (JJs), respectively. Both carry a flux quantum �0 and
have a 2π -phase rotation. Yet, they are significantly different.
Qualitatively, unlike AVs, JVs are usually coreless, elongated
along the JJ objects, forming a one-dimensional JV chain
in a multivortex state. Quantitatively, the magnetic size of
the AV is determined by the short London penetration depth
λL ∼ 100 nm, whereas the JV is characterized by a much
longer Josephson penetration depth λJ ∼ μm. The small λL

leads to large magnetic signatures of AVs: the maximal field
B(0) � 100 Oe and the field gradient ∂B/∂r � 107 Oe/cm.
This leads to a relative easiness of observation of AVs, which
are very well studied, visualized, and even monitored in real
time using a variety of techniques: decoration [1–3], magneto-
optics [4,5], scanning tunneling microscopy [6–8], magnetic
force microscopy (MFM) [9,10], Hall probe [11,12], super-
conducting quantum interference device (SQUID) [13–16],
and Lorentz [17] microscopies. Concurrently, the large λJ

makes magnetic signature of JVs much weaker and more
difficult to observe. Furthermore, the small field gradient
together with the coreless structure of JVs makes them almost
pinningless. Therefore, it is difficult to immobilize JVs during
the time needed for their visualization.
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Several ways to probe JVs directly or indirectly has been
tested so far. For example, moving JVs generate electro-
magnetic waves, which can be probed by scanning electron
microscopy [18]. However, such images represent standing
waves in the JJ rather than JVs. Interlayer vortices in strongly
anisotropic high-Tc cuprates were observed by the scanning
SQUID microscopy [19]. Those are not regular JVs in the
sense that they have a small nonlinear core with a field gra-
dient comparable to that for the AV [20]. The nonlinear core
enables a strong mutual interaction with pancake AVs, leading
to formation of AV chains, observable by various techniques
[1,10,11,21]. Another type of unconventional semi-Josephson
vortices, containing cores with suppressed gaps, appear in
grain-boundary [12–14] or proximity-coupled JJs [22]. Core
pinning of such AV-JV vortices allows sufficient immobiliza-
tion for visualization.

Recently, it was demonstrated that dynamic signatures of
JVs can be observed using the MFM technique [23]. The
phenomenon has much in common with scanning probe imag-
ing of quantized charge [24,25] and flux [26,27] entrance in
quantum dots and mesoscopic superconductors, respectively.
The MFM response is due to induction of JV dynamics
(flux flow) by the oscillating MFM tip [28] and as such
does not carry information about the JV structure or spatial
distribution. It is not obvious that MFM would be suitable
for visualization of individual JVs because the MFM tip can
easily drag the mobile JV. Thus, because of progress with
the observation of semi-Josephson vortices, we established a
method for the investigation of the structure, distribution, or
mutual interaction of Josephson vortices.

In this paper, we employ MFM for investigation of spatial
distribution and mutual interaction of Josephson vortices in
planar Josephson junctions. We observe a spatial modulation
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FIG. 1. Observation of dynamic Josephson vortex signatures by MFM. (a) Topographic image of a planar Nb/Cu/Nb junction. (b)–
(d) MFM phase maps at different applied out-of-plane magnetic fields. The scan area is 4.3 × 4.3 μm2. Specific MFM responses associated
with Josephson vortices appear as arcs and rings in the phase maps. Their number (indicated in the maps) increases with increasing field. At
high field (d), the rings form a periodic chain, reflecting static distribution of JVs in the junction. (e)–(g) Sketches of tip-induced Josephson
vortex dynamics in the junction for corresponding cases shown in (c) and in (d) for the retracted tip (f) and when the tip is close to the junction
(g). Htip corresponds to the cantilever’s own magnetic field. jM ’s show screening Meissner currents induced in superconducting Nb contacts.

of the MFM response, seen as a chain of small rings. By
changing the magnetic field, we demonstrate that the number
of rings is equal to the number of flux quanta in the JJ.
Therefore, each ring represents an individual JV in the vortex
chain. The visualization of JVs becomes possible due to a
geometrical confinement of the elastic JV chain caused by
the edge pinning [29], which, together with mutual repulsion
of JVs, makes the JV chain rigid enough during MFM scans.
Our observation demonstrates that the MFM can be used both
for direct visualization of JV configurations and for probing
their mutual interaction. We argue that the ability to monitor
and control JVs could be instrumental for the development of
superconducting digital electronics.

Figure 1(a) shows an atomic force microscopy (AFM) im-
age of the studied planar Nb/Cu/Nb JJ. Details of fabrication
can be found in Refs. [23,30]. Widths and thicknesses of the
Cu interlayer and Nb electrodes are WCu = 200, dCu = 50,
WNb � 500, and dNb = 100 nm. The JJ is moderately long
with the length L = 2.5 μm ∼ (5 − 7)λJ . Measurements are
carried out in a scanning probe system (AttoDry 1000/SU)
at a temperature T ∼ 4.5 K in magnetic fields perpendicu-
lar to the junction plane. Both AFM, Fig. 1(a), and MFM
scans are performed using a (Co/Cr)-coated MFM cantilever.
MFM measurements are made with the tip-sample distance
of 70 nm. The amplitude and phase of cantilever oscillations
are measured at a fixed resonance frequency ∼87 kHz. More
details about the experimental technique can be found in
Ref. [23].

Figures 1(b)–1(d) represent MFM images of the JJ
at different applied magnetic fields, 1(b) Ha = −30 Oe,
1(c)−20 Oe, and 1(d) −92 Oe. The MFM tip generates a pos-
itive field at the JJ, HTip � +34 Oe. Therefore, the effective
fields H∗ = Ha + HTip are (b) H∗ � 4 Oe, (c) 14 Oe, and (d)
−58 Oe. It can be seen that at low H∗ (b), the interior of the
JJ is empty, i.e., it does not show any significant magnetic
response. However, at both JJ edges, a single dark arc appears.
It corresponds to reduction of the tip phase indicating excess
damping of the tip. As described in Ref. [23], the damping
is caused by a periodic entrance/exit of a single JV in an
oscillating field of the tip as sketched in Fig. 1(e). With
increasing |H∗|, the number of arcs increases (c), and, at high
fields, they form a periodic chain of rings in the interior of the
JJ (d).

Figure 2 shows, in more detail, the evolution of MFM im-
ages upon variation of Ha: (a) −34, (b) −44, (c) −52, (d) −70,
(e) −80, and (f) −92 Oe (see Supplemental Material movie-
1 [31]). In each panel, the upper part represents the two-
dimensional MFM phase map, and the lower part—the linear
scan along the junction slit. Taking into account the offset by
HTip � +34 Oe, effective fields H∗ are (a) �0, (b) �−10, (c)
�−18, (d) �−36, (e) �−46, and (f) �−58 Oe. A sequential
transformation of the phase maps with increasing |H∗| can
be seen. First, additional broad dark arcs emerge (b). Then,
complex patterns appear with extra narrower arcs (c) and (d),
and finally a periodic chain of small rings is established in
the junction (e) and (f). Such evolution can be quantified from
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FIG. 2. Field dependence of the MFM response. (a)–(f) MFM images at different values of applied magnetic-field Ha: (a) −34 Oe,
(b) −44 Oe, (c) −52 Oe, (d) −70 Oe, (e) −80 Oe, and (f) −92 Oe. The top parts in each panel represent MFM phase maps with the scan
area 4.3 × 4.3 μm2. The bottom parts represent linear scans along the junction line. It is seen that the number of arcs/rings increases with
increasing Ha. The upward arrows and numbers clarify the counting procedure of the rings.

the analysis of linear scans along the junction (lower parts).
Arcs/rings correspond to phase drops in the MFM signal.
The gradual increase in the phase in the interior of the JJ
in each scan reflects the repulsive diamagnetic response due
to a partial screening in the JJ. Note that there is a clear
dissimilarity of the left and right sides of the rings (f): one
side is brighter than the other, which makes them look like
arcs.

The increase in the number of arcs/rings correlates with
the increase in the number of JVs in the junction. This is
demonstrated in Fig. 3. The black dots represent the number
of full rings (with both left and right arcs). The way of
counting is clarified in the linear scans of Fig. 2 by red
arrows and numbers. Essentially, we count only the left arc
of each ring (with symmetric left and right arcs). It can
be seen that the number of rings change stepwise with the
field step ∼9.5 Oe. The smallest number of rings is 1, see
Fig. 2(a). We do not see zero because the MFM tip field is
strong enough to induce, at least, one �0 in the JJ. One ring
exists in the field range of −44 Oe < H < −24 Oe, which
is approximately twice the field step size. At H > −24 Oe,
the number of rings starts to increase. Therefore, the range

of −44 Oe < H < −24 Oe corresponds to the Meissner state
of the JJ � � 0. From this, we determine the tip field Htip �
34 Oe.

The red dots and solid lines in Fig. 3 show the estimated
absolute number of flux quanta in the junction representing
the equilibrium number of JVs at a given effective field.
It is calculated as �/�0 = H∗/�H , where �H � 10 Oe
is the flux quantization field extracted from the periodicity
of Fraunhofer-type modulation of the critical current versus
magnetic-field Ic(H ), shown in the inset of Fig. 3. The Ic(H )
pattern is measured with a retracted tip and, therefore, does
not have a field offset. From a comparison of black and
red symbols, it is seen that the number of rings, indeed,
correlates with the number of JVs. Therefore, each ring
represents an individual JV. Moreover, the observed periodic
spatial distribution of the rings, see Figs. 2(e) and 2(f),
coincides with the expected spatial distribution of JVs in a
one-dimensional vortex chain. Thus, the MFM technique does
allow analysis of individual JVs, their structure, and spatial
distribution.

The observed MFM response is caused by the tip-JV
interaction. The tip creates an oscillating local magnetic field
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FIG. 3. Analysis of a correlation between the number of specific
MFM responses and the number of Josephson vortices (flux quanta)
in the junction as a function of the magnetic field. The black dots
represent the number of rings (left arcs) in the MFM maps as a
function of the effective field H∗ (bottom axis, offset by the tip field
HTip = 34 Oe). The applied field Ha is indicated in the top axis. The
red symbols and lines represent the estimated number of flux quanta
in the junction obtained from the periodicity of the Ic(H ) pattern. The
inset shows the corresponding Fraunhofer-type Ic(H ) pattern of the
junction with a retracted MFM tip.

[28]. Although it is rather small, it can, nevertheless, cause
the entrance/exit of a JV at bifurcation points between n − 1
and n vortex states [23]. They occur at integer numbers of
flux quanta in the JJ � = n�0, corresponding to minima of
Ic(H ) � 0 and vanishingly low energy for the vortex entrance.
A periodic tip-induced entrance/exit of a JV leads to the
appearance of flux-flow losses that dampen tip oscillations
[28]. This causes a phase drop seen as dark arcs in MFM phase
maps [23]. Since JVs can only enter through the JJ edge at
� ∼ 0, this type of interaction leads to the appearance of a
single arc at that edge, see Fig. 1(b). The interior of the JJ
remains in the Meissner state (empty). Screening Meissner
currents in electrodes, marked as jM in Figs. 1(e)–1(g), causes
a diamagnetic repulsion of the tip, corresponding to brighter
areas in Fig. 1(b). With an increasing magnetic field, multiple
JVs enter the junction with NJV � �/�0.

Several forces act on JVs: They are pushed inside by the
external field, repel each other, and experience attraction to
the edges via interaction with image vortices [32]. The latter
leads to the edge pinning. A combination of those forces leads
to the formation of an elastic vortex chain, confined with
junction edges [29]. Magnetic induction B(x) along the chain
is modulated with maxima at the vortex centra. This creates
a field gradient ∂B/∂x, which exerts a force on the MFM

tip. If the JV chain would be rigid, the MFM scan would
provide a direct image of the vortex field gradient. However,
most likely, the reality is more complicated. The JV chain is
soft, elastic, and only weakly pinned at the edges. Therefore,
the oscillating MFM tip periodically distorts (stretches) the
chain as sketched in Fig. 1(g). Due to elasticity, the distortion
propagates in both directions along the chain and may lead
to expulsion of the outmost JV from one of the edges. Upon
retraction of the tip, the JV enters back, and the periodicity
of the chain is restored. The corresponding in/out shuttling
of the outmost JV leads to additional flux-flow losses, which
result in damping of tip oscillations, similar to the case of tip-
induced JV shuttling in the absence of the JV chain [23,28].
However, the key difference between the Meissner and the JV
chain states is that the force with which the chain acts on the
tip depends on the field gradient ∂B/∂x induced by the vortex
chain inside the junction. Consequently, the MFM response
should reflect the internal structure of the JV chain.

Since the MFM tip radius r � 30 nm is much smaller
than the JV size ∼2λJ , the tip-vortex force is pointlike. It
can be written as F = −mz∂Bz/∂x, where mz is the dipole
moment of the tip and Bz(x) is the JV field at the tip.
Each JV creates a peak in Bz(x) with two slopes on both
sides at which the tip-vortex force reaches maxima. Due to
opposite signs of ∂Bz/∂x at those points the tip pushes the
JV either to one edge or the other. Mutual repulsion between
JVs causes displacement of other JVs in the chain in the
same direction. Consequently, each JV creates two, generally
dissimilar, replicas in the dynamic MFM response (left and
right arcs). They correspond to pushing of the JV chain to one
of the two junction edges, eventually causing out/in motion
of the outmost JV. The asymmetry of the tip position with
respect to the two edges is the primary cause of dissimilarity
of the left and right arcs. For example, in Figs. 1(f) and
1(g), we sketched the situation when the tip is placed closer
to the left edge of the JJ. In this case, the strains δx/x of
the JV chain segments to the left and to the right of the
tip are different, simply because of different lengths of the
segments. Therefore, elastic forces pushing out the outmost
JVs at the left and right edges of the JJ (proportional to the
strain) are also different, leading to the dissimilar dynamic
responses. The left-right asymmetry of junction parameters
(inhomogeneity) would also contribute to the dissimilarity
together with the asymmetry of the tip field and shape. Most
likely all those factors contribute to the observed asymmetry
between left and right arcs and left and right edges of the JJ in
our experiment Fig. 2.

To summarize, we observed a periodic chain of arcs in
MFM phase maps of a planar Josephson junction. We demon-
strated that the number of arcs is correlated with the number
of Josephson vortices in the junction and their periodicity
is consistent with the expected JV distribution in the or-
dered one-dimensional vortex chain formed due to mutual
vortex repulsion. Therefore, we concluded that the MFM
technique can reveal information about the spatial configura-
tion of Josephson vortices and their mutual interaction. This
opens an opportunity for direct visualization, manipulation,
and control of Josephson vortices, which can be instrumen-
tal for development and inspection of Josephson electronic
devices.
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