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Precise control of superconducting vortices is crucial for studying
vortex dynamics and vortex braiding. We propose a new method to
pull vortex lines in the layered superconductor FeSe using a
scanning tunneling microscope (STM) tip. Weak contact of the STM
tip with the FeSe surface locally reduces the superconducting gap,
thereby creating a tunable vortex pinning potential on the
nanometer scale. This enables controlled vortex line deformation
even in dense vortex lattices. Analytical modeling reveals that the
deformation strength scales logarithmically with conductance and
depends on tip geometry. Our findings point to local strain—induced
gap suppression as the mechanism for STM-mediated vortex
manipulation, providing a fundamental insight relevant to vortex
behavior in the context of quantum information studies.

Introduction

For a type-ll superconductor exposed to a magnetic field
greater than the lower critical field, quantized magnetic fluxes
penetrate the superconductor.! Each magnetic flux quantum
breaks Cooper pairs and induces a circulating supercurrent that
creates a vortex line, a cylindrical region of normal metal with a
radius equivalent to the superconducting coherence length.23
Due to the Lorentz force, vortex lines repel each other and
arrange into a lattice structure. These vortex lines behave like
interacting elastic strings and can be partially pinned and
deformed by defects.*”

A growing in understanding and controlling
superconducting vortices in recent years emerges from the
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potential for manipulating Majorana modes that are predicted
to occur in the vortex core in topological superconductors.8-11
Control over such Majorana zero modes is crucial for the
fundamental understanding of non-Abelian statistics and in the
basic study of topologically protected qubits.?2-18

Individual vortex manipulation is challenging in both bulk
superconductors and thin films, because vortex lines are
partially pinned by defects and also exhibit strong vortex-vortex
repulsion. Previously, several approaches to manipulate
vortices through optical’® and resistive?® heating, mechanical
stress,?! and magnetic force® 2225 have been demonstrated.
Furthermore, vortices have recently been manipulated by
electronic devices,?%27 and it has been theoretically proposed to
use domain walls to manipulate vortices.?® However, all these
techniques have limited spatial resolution, and as a result, they
cannot be used for the individual manipulation of vortices
separated by less than a few hundred nanometers.

Scanning tunneling microscopy (STM) is a natural candidate
to consider for this purpose owing to its sensitivity to the vortex
states, atomic spatial resolution, and a growing number of
reports on the observation of Majorana zero modes through
STM

manipulate adsorbed atoms and molecules with atomic-scale

tunneling spectroscopy.10:11,29-31 can also famously
precision.32734 Yet, in most cases - such as nonmagnetic tips and
small tunneling conductance - the tip of the tunneling
microscope would not exert sufficient force onto the vortex line.
Therefore, previous attempts to manipulate vortices with an
STM tip required local melting of the superconducting state.?°
In addition, Kremen et al. manipulated vortices with the
formation of a large and strong mechanical contact (~100 nm)
on niobium (Nb) and niobium nitride (NbN) thin film using a
fabricated tip of a superconducting quantum interference
device (SQUID) chip.?! Although vortex manipulation has been
achieved in these cases, the precise origin of the forces, as well
as the applicability of these methods to dense vortex lattices

remain uncertain.
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Here, we reveal an effective approach to manipulate single
vortices in Fe-based superconductors. We found that wrinkles
formed by strain in the surface layer can effectively pin vortices,
thereby altering the configuration of the vortex lattice. Based
on this observation, we determined whether vortex line
deformation could be induced by creating a trapping potential
with an STM tip in weak physical contact with a
superconducting surface. On FeSe, this approach revealed an
unexpectedly large vortex line deformation. Furthermore, we
confirmed that under such physical contact conditions for FeSe,
which has two superconducting gaps, the spectral weight of the
large gap is suppressed but the small gap remains. The same gap
suppression occurs in wrinkles where strain is present. The local
attractive potential on the vortex line is easily induced in this
case, compared to previously studied BCS superconductors,3®
and ultimately enables deformation of the vortex lines even in
dense vortex lattices. One possible mechanism for the local
suppression of the superconducting gap is strain induced
beneath the STM tip, which reduces superconducting gaps in
FeSe due to several possible pair-breaking interactions. We
further applied an analytical model for vortex pinning by an
external potential and revealed that the deformation of the
vortex line logarithmically increases as a function of contact
conductance. Moreover, the contact geometry strongly affects
the strength of the trapping potential. We anticipate that this
approach will work on many Fe-based superconductors,

st margins
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fundamental studies of both single vortex dynamigs,andthe
susceptibility of vortex bound states to 1884116873/ RIBREMAEH
the eventual control of vortex-vortex interactions.

Results and discussion
Effects of wrinkles and twin boundaries on vortices

First, we discuss peculiar properties of vortex lines near wrinkles
in FeSe. Fig. 1a shows a differential conductance map at -2.5 mV
illustrating the vortex lattice configuration (yellow dots) at 0.13
T in the presence of twin boundaries (green arrows) and a
wrinkle (orange dotted line) (the corresponding topographic
datais provided in Fig. 1b and Fig. 1d.) A Voronoi diagram (black
lines in Fig. 1a) was added to facilitate visualization of the vortex
lattice. Twin boundaries strongly pin vortices, altering the
lattice configuration and reducing the intervortex distance. The
wrinkle also pins vortices; although it barely reduces the
intervortex distance, it can substantially alter the vortex
configuration. It is known that FeSe has a main gap A: (2-3 mV)
and a small gap A, appearing as a shoulder (~ 1 mV) (black dl/dV
curve in Fig. 1c).3%37 At both twin boundaries and wrinkles, we
observe a common suppression of the spectral weight of gap A,
while A; remains (Fig. 1c and Fig. S1, ESIt). In terms of vortex line
energy, such a local gap reduction naturally acts as a strong
pinning potential to alter the vortex configuration. A natural
question arises whether the STM tip itself can create a

particularly those with multigap structures, enabling o . -
sufficiently large and strong trapping potential.
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Fig. 1 Modification of the vortex lattice near the twin boundaries and wrinkle. (a) Differential conductance map at -2.5mV on FeSe under 0.14 T (Vpias = -2.5mV, | =
100pA). Yellow dots indicate vortex lattice, and black lines represent the Voronoi diagram. Twin boundaries are located at the positions marked by the green arrows,
and a wrinkle is aligned with the orange dotted line. (b) The topographic image corresponding to the same region as in the conductance map in (a) (Vpias =-2.5mV, | =
100 pA). (c) dI/dV spectra acquired on the terrace (black), at the center of the twin boundary (green), and at the center of the wrinkle (orange) of FeSe. (d) Topographic

line profile along the black dashed line in panel (b)
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Fig. 2 STM tip induced reduction of the superconducting gap. (a) Schematic image of the tip positions relative to the FeSe atomic layers. The tip extension distance shown here is the

ideal displacement of the piezo tube, obtained from the voltage applied to the piezo. (b) Conductance and current (inset) curves with respect to the tip positions (set point: | = 100
pA, Vbias = 8 mV). (c) The variation of superconducting gaps on the FeSe surface from tunneling (0.002 GO) to 3.20 Go. Here, Go = 2e2/h is the conductance quantum.

Local modification of superconducting gap

To this end, we first investigated the impact of tip-induced
strain on the superconducting gap (Fig. 2). We gradually extend
the STM tip toward the surface, up to 1.2 nm from the set point
Vpias = 8 mV, and | = 1 nA (0.002 Go) (z = 0 pm). Go is the
conductance quantum 2e?/h. Here, the tip extension is the ideal
value from the applied piezo voltage, but it is likely smaller due
to tip—sample interactions. As the STM tip approaches the
surface, the conductance trace changes rapidly (blue circles in
Fig. 2b) and then begins to increase linearly (red circles in Fig.
2b). The first abrupt change in the conductance trace (blue
circles in Fig. 2b) is likely due to the instability of the atomic
contact condition. Moreover, the linear increase in conductance

(as shown by the red circles in the inset in Fig. 2b) can be
interpreted as reflecting a linear increase in the tip—sample
contact area. The superconducting gaps of FeSe change
significantly during tip contact to the surface. Specifically, the
spectral weight of the small gap A; is relatively enhanced (blue
arrows in Fig. 2c) in the near atomic contact condition (0.13 Go).
Furthermore, in the regime of 0.32 ~ 1.6 Gy, the spectral weight
of the large gap A; is suppressed while the small gap A, remains
(red arrows in Fig. 2c). The remaining small gap A; is reminiscent
of the remaining superconducting gap near a wrinkle defect
(orange spectrum in Fig. 1c) or a twin boundary (green spectrum
in Fig. 1c) on the FeSe surface (Fig. S1a-d, ESIT). Interestingly,
when the conductance is further increased over 2.29 Gy, the

Bt
an

Fig. 3 Evolution of vortex images with increasing influence of the STM tip. (a-e) Large size maps of expanded vortex cores on the terrace and the twin boundary at 0.51
GO (100 nA), 1.54 GO (300 nA), 2.06 GO (400 nA), 2.58 GO (500 nA), and 3.1 GO (600 nA) measured by Tipl. Red arrow indicates the position of the twin boundary. (f)
Schematic image of deformation of vortex line near the tip induced wrinkle (red curved area).
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coherence peak of the small gap A; becomes broader, while the
interior of the gap becomes narrower (dark red spectra in Fig.
2c). We note that possible voltage division effects due to
external circuitry are quantitatively negligible in our setup.
Based on the known output resistance of the bias attenuator
and the minimum junction resistance used here, the resulting
reduction of the actual tip—sample voltage is below a few
percent, leading to peak shifts on the order of several tens of
WV, which is far smaller than the energy shifts observed in Fig. 2
(see note S1, ESIt). We find that once a stable tip apex is
established, the conductance traces and dl/dV spectra exhibit
overall similar trends across repeated measurements (Fig S2,
ESIT). In addition, in the contact and near-contact regimes, the
measured dI/dV does not directly represent the local density of
states in a Tersoff~Hamann sense and may include transport
related contributions. Nevertheless, while the high-
conductance dl/dV curves cannot be directly interpreted as the
LDOS, we observe a gradual reduction of the superconducting
gap upon approaching contact (Fig. 2c). This gap reduction
induced by the STM tip provides the primary origin of the
trapping potential in our method.

Vortex displacement by local forces

The evolution of superconducting vortices with increasing
conductance value is shown in Fig. 3. The most notable change
is a dramatic enlargement of the vortex features. Fig. 3a-e show
differential conductance maps at -2.5 mV of the apparently
expanded vortex cores as the conductance value increases from
0.51 Go (100 nA) to 3.10 Go (600 nA) (Set bias: Vpias = -2.5 mV).
The apparent size of the vortex core is reversible (Fig. S3, ESIt)
and increases from 30 nm up to as much as 140 nm at 3.10 Go
on the terrace. Furthermore, we measured dI/dV spectral maps

to investigate the electronic structure of the expanded yortex.

Fig. 4c and d show zero-bias differenti®C63AAUEIENEER MR,

which are extracted from dl/dV spectral maps of the vortex

cores on the terrace and on the twin boundary (black dashed

box in Fig. 4a) at each starting point 0.003 Gp (tunneling), and

1.57 Gp (setpoint: Vuias = 5 mV and 1 nA, and 600 nA,

respectively). From the dI/dV spectral map, we confirmed that

the apparent size of the vortex core is correlated to the

magnitude of the starting conductance (set point) rather than

the current at each bias (Fig. S4 and S5, ESIt). For example, at an
initial conductance of 1.57 Gg (setpoint: Vpias =5 mV and | = 600

nA), the size of the vortex is the same at 0.04 mV (0.7 nA) and

at 3.6 mV (407 nA), despite two orders of magnitude difference

in the current (Fig. S4b and d, ESI t ). This observation

substantially rules out current-induced processes, such as

current-driven force and thermal effects, as the causes of the

increased apparent size of the vortex. In addition,
occasionally observed changes in the vortex array during
mapping at high conductance values (Fig. S6, ESIT).

We propose that the apparent enlargement of the vortex
image corresponds to the locations where the vortex line is
deformed by the tip-induced wrinkle (the red curved area in Fig.
3f), which induces gap reduction and serves as the origin of the
trapping potential. One of the pieces of evidence supporting our
interpretation is that the vortex bound states are observed
across the expanded vortices, as seen at the blue arrows in Fig.
4h for setpoint 1.57 Go (600 nA). Fig. 4g and h show the spatial
variation of vortex bound states across green dotted arrows at
0.003 Go (in Fig. 4c) and 1.57 Go (in Fig. 4d), respectively.
Detailed spatial variations of vortex bound states at 0.003 Go
and 1.57 Gop are shown in Fig. S7 and S8 (ESIT). The observation
of vortex bound states alone rules out spurious artifacts, such

we
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Fig. 4 Spatial variations of vortex bound states across expanded vortex cores. (a) Conductance map of vortex configuration near a twin boundary. (b) Superconducting
gaps at 0.003 Go (1 nA), 0.52 Go (200 nA), 1.04 Go (400 nA), and 1.57 Go (600 nA) on the terrace (black spectra) and twin boundary (red spectra). On the terrace, the
superconducting gap is changed as the conductance increases, while the superconducting gap remains unchanged on the twin boundary. (c, d) Zero bias conductance
maps that contain a vortex on the terrace and a vortex on twin boundary at 0.003 Go (1nA), and 1.57 Go (600 nA). Here, Go is a conductance quantum 2e?/h. (e, f) The
spatial variations of superconducting gaps across the vortex on the twin boundary (orange dotted arrows in (c, d)) at 0.003 Go and 1.57 Go. (g, h) The spatial variations
of superconducting gaps across the vortex on the terrace (green dotted arrows in (c, d)) at 0.003 Go and 1.57 Go. Blue arrows in (h) indicate expanded vortex core.
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as adsorbates and topographic damage as the possible origin of
the expanded vortex images. We also acknowledge that
transport-related effects such as Andreev reflection and
changes in junction transparency may influence the spectra in
the contact regime. However, the spatially resolved evolution
of the dI/dV line shape allows us to reliably distinguish vortex
cores from superconducting regions, independent of a direct
LDOS interpretation.

Our conclusions are further supported by the stark contrast
between the vortices on the terrace and those pinned by the
twin boundaries - naturally occurring planar defects due to the
tetragonal to orthorhombic phase transition in FeSe below 90
K.383% Twin boundaries suppress the large superconducting gap
A; (Fig.1c and Fig. S1d, ESIT) and create a strong vortex pinning
potential.#%=%2 In contrast to the vortices on the terrace, vortices
along the twin boundary barely expand at high conductance
values in Fig. 3, and Fig. 4d. In addition, Fig. 4f shows the spatial
variation of dl/dV spectra across the vortex core on the twin
boundary (orange dotted arrow in Fig. 4d) at 1.57 Go. On the
twin boundary, the spatial distribution of vortex-bound states
remains virtually unchanged in spectroscopy (black arrow in Fig.
4f). The twin boundaries also reinforce the hypothesis that the
tip-induced changes to the superconducting gap structure are
responsible for vortex line deformations. As seen in the red
spectra in Fig. 4b, obtained at the center of the twin boundary
(red arrow in Fig. 4a), the energy position of the coherence
peaks on the twin boundary are about +1.2 mV (red arrows in
Fig. 4b) in the tunneling regime (0.003 Gy (setpoint Vpias=5 mV,
1 nA)). The positions of the coherence peaks barely change even
at high conductance conditions (red spectra in Fig. 4b) unlike
the coherence peaks measured on the terrace (black spectra in
Fig. 4b). Moreover, based on our earlier analysis of vortex
energetics in FeSe,*> we conservatively estimate the forces
applied to the vortices to be on the order of 1-5 pN (Note S2,
ESIT). This value is several orders of magnitude larger than the
previous estimates of mechanical forces applied to isolated
vortices in a conventional superconductor.?! And we conclude
that the large susceptibility of the superconducting gap in FeSe

Nanoscale

to applied strain actually enables applying the,forces.large
enough to displace vortices within denseR/rtéx! PatrieaiR04204F

We also found that the apparent size of the vortex core is
sensitive to small changes of tip apex, in contrast to topographic
features. We observed that a large cluster (cluster 3 in Fig. S9d,
ESIt) on the FeSe surface altered the apex of the STM tip during
high conductance mapping (Vbias = 2.5mV, | = 800 nA). We
measured differential conductance maps simultaneously with
topographic images multiple times while the tip was altered by
the cluster (Fig. S9a-f, ESI T ). Notably, the modified tip
significantly affected the size of vortex cores, even at the same
conductance value (Fig. S9a-c, ESIt). However, the topographic
sizes of structural clusters on the FeSe surface (cluster 1 and
cluster 2 in Fig. S9d-f, ESIT) remain constant (Fig. S9g and h,
ESIt), regardless of the changes in the tip apex. This indicates
that the tip apex is quite small, with a tip-surface contact area
of only a few nanometers, and the expanded vortex core does
not originate from the tip artifact. Meanwhile, the forces acting
on the vortices are highly sensitive to the specific shape of the
tip apex, suggesting that the geometry of tip-induced wrinkles
is dependent on the tip shape.

Model of tip-induced trapping potential for superconducting
vortices

The apparent size of the vortex image can be understood in the
context of the bending of the vortex line by the trapping
potential from the strain induced inclusion, as schematically
shown in Fig. 5a. As defined in ref. 43, we designate the extent
of bending in the vortex line as deformation. The red, black, and
blue graphs in Fig. 5b show the apparent size of the vortex core
on the terrace as a function of the conductance for three
different STM tip apexes. Each tip apex was reshaped by
controlled indentation on a Cu(111) surface. The size of the
vortex core logarithmically increases with conductance, but the
slope is different for different tip apexes. We plotted graphs for
the deformation (u) of the vortex line with respect to the
conductance obtained from different tip apexes (red, black, and
blue circles in Fig. 5c).

u=Aln[1+B-x?]
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Fig. 5 Modeling STM junction as a tunable trapping potential. (a) Schematic image of tip induced inclusion and deformed vortex line. (b) Dependences of the diameters
of expanded vortex cores on conductance for different tip1 (red), tip2 (black), and tip3 (blue). (c) Dependences of the deformations of vortex lines on the conductance
values for tip1 (red circles), tip2 (black circles), and tip3 (blue circles). Each dotted line represents fits based on Aln[1 + B - x2].
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We further consider the trapping potential created by the STM
tip to be equivalent to an inclusion in the crystal lattice that
suppresses superconductivity. In this case, the problem
becomes equivalent to vortices interacting with a pinning
center in the form of a inclusion with suppressed
superconductivity, as previously described by Willa, R. et al..*3
The deformation of the vortex line is determined by the
elasticity of the vortex line due to the vortex-vortex interaction
and the maximum trapping force from the inclusion.”#344 For
inclusion sizes comparable to the coherence length (a,~¢), the

vortex binding energy to an anisotropic inclusion is given by**-
46

U, ~ goa,ln (1 +;—b) (1)
where gy = ¢5/47T,u0/12 is the typical vortex energy scale, 1 is
the London penetration depth, a, is the inclusion size along the
x-axis, a, is the inclusion size along the z-axis, and &g, is the
coherence length for the ab-plane. As detailed in the ESIT, note
S3, we can evaluate the deformation of the vortex line using this
formalism. The functional form of the tip-induced force as A -
In(1 + B - x?) provides a very good fit to the experimental data.
(red, black, and blue dotted lines in Fig. 5¢c and Fig. S10, ESIt).
Moreover, in this model, we can account for the variability of
the deformation by different tip apexes, via the effective aspect
ratio (a,/ay) of the tip-induced inclusion. When a, increases
relative to a, and a, > a,, the strength of deformation
decreases because of the reduced critical angle and distance at
which the vortex line enters and exits the inclusion.*® This
means that the shape of the tip apex strongly affects the
trapping force and the deformation of the vortex line.

Conclusions

Our findings show that we can deform individual vortex lines in
the surface region of FeSe with nanoscale precision using the
STM tip. We revealed how the tip-induced inclusion affects
vortex line segments near the surface in FeSe. We confirmed
that both twin boundaries and wrinkles in FeSe exhibit
suppression of the superconducting gap and act as vortex
pinning sites. However, unlike wrinkles that exist only at the
surface, the gap-suppressed region at twin boundaries extends
into the bulk, thereby forming a stronger pinning potential and
even reducing the intervortex distance. By applying strain to the
FeSe surface with the STM tip, we created a nanoscale wrinkle
beneath the tip, inducing reduction of the superconducting gap
and generating an effective trapping potential (inclusion) at
arbitrary locations on the surface. Based on a framework
provided by established models for pinning, anisotropy, and
elasticity caused by defects, we concluded that the STM tip
effectively creates a tunable, intermediate-sized anisotropic
defect (a,~¢), evolving from a point defect (a, < &) as the
conductance increases. We also confirmed that the strength of
deformation varies significantly depending on the shape of the
tip apex. Our governing hypothesis, supported by the
spectroscopy measurement, points to local gap reduction as the

6 | J. Name., 2012, 00, 1-3

driving force for the trapping potential. A, methed, of
manipulating vortices using the manipuldtidhl8f prelexXistingo4r
wrinkles (ay > &) on FeTeossSeoss and LiFeAs has been
reported*’ and strengthens our results. Our results, therefore,
provide additional insight into vortex pinning, vortex-vortex
interactions, and vortex motion in dense vortex lattices.
Moreover, they provide a foundation for building further
understanding of the effects of vortex-vortex interactions on
accessible manipulation trajectories and the role that intrinsic
vortex dynamics can play in quantum information science.

Materials and Methods

We have conducted the experiment using a SPECS Joule-
Thompson STM at 1.2 K in the base pressure of < 102 mbar. To
precisely approach the STM tip, a SPECS-Nanonis controller was
used. We used Ptlir tips from UNISOKU. Freshly cleaved surfaces
were obtained by delaminating a small sample of FeSe in low
vacuum of < 10”7 mbar, followed by rapid sample transfer to the
cryogenic chamber. The differential conductance maps of
vortices are obtained using a lock-in technique with the
modulation frequency 785 Hz.
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