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Manipulating and braiding Majorana zero modes (MZM) are a critical step toward realizing topological quantum com-
puting. The primary challenge is controlling the vortex, which hosts the MZM, within a superconducting film in a spatially
precise manner. To address this, we developed a magnetic force-based vortex control technology using the STM system
with a self-designed four-electrode piezo-scanner tube and investigated vortex manipulation on the NbSe2 superconducting
film. We employed ferromagnetic tips to control the movement of vortex array induced by the tip’s remanent magnetism.
A magnetic core solenoid device was integrated into the STM system and a strong magnetic tip demagnetization technique
was developed, providing a viable technical solution for further enabling single vortex manipulation.
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1. Introduction

The scanning tunneling microscope (STM) is a powerful
tool for surface physics research. On the one hand, the STM’s
capability to characterize surface morphology and electronic
states has led to the discovery of many novel quantum phe-
nomena in condensed matter physics.[1–10] Among these, the
Majorana zero-energy mode (MZM) is of particular interest
due to its potential for topological quantum computing in
recent years.[5–9] In systems that host the MZM, topologi-
cal insulator/superconductor heterojunction offers unique ad-
vantages, especially the binding of the MZM to Abrikosov
vortices, which can be manipulated by moving the position
of vortex.[6,7,11,12] On the other hand, an STM is not only
a powerful microscope but also able to manipulate single
atoms.[13–15] Furthermore, its core component, the scanning
head, has been upgraded to a multi-electrode scanning tunnel-
ing microscope, providing a foundation for integrating various
microscopic characterization and control methods.[16,17]

Braiding of MZMs may provide the strongest evidence
for confirming Majorana fermion properties and serves as
a key technical pathway for realizing topological quan-
tum computing.[18–20] In theory, MZM braiding schemes
have been proposed for both ideal conditions and in prac-

tical systems.[21–25] For vortex MZMs, the implementation
schemes can be divided into modifications to the instrument
and improvements to the sample.[23–25] Various single-vortex
manipulation techniques have been realized using scanning
probes, including applying magnetic force, thermal effects,
mechanical stress and other methods to the vortex in the
sample.[26–30] Considering that MZMs are easily destroyed
and exist at low temperatures, methods such as pinning the
vortex by damaging the sample surface with a tip to create
local mechanical stress or inducing vortex rearrangement by
locally heating the sample surface to make the superconduct-
ing region lose its superconductivity, cannot prevent the de-
struction of MZMs during the manipulation. In contrast, in
magnetic force microscopy (MFM)-based manipulation exper-
iments, where the tip does not touch the sample and the tem-
perature is kept constant, the magnetic manipulation scheme
— using the stray magnetic field generated by the magnetic
tip to produce a magnetic dipole interaction with the vortex,
thereby pulling it to move — has the advantage of protecting
MZMs during the moving process.[26,27]

Although magnetically manipulated single-vortex tech-
nology is a practical way to control MZMs, it is currently only
implemented in MFM. The reason is that MFM detects the
magnetic signal rather than the tunneling current and thus can-
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not characterize the electronic properties of MZMs. A feasi-
ble solution to address both the measurement and control of
MZMs is to improve the experimental approach of MFM’s
magnetically manipulated vortex technology and integrate it
into the STM system. A conventional MFM maintains a con-
stant absolute magnetization of the tip and controls the rela-
tive strength of the magnetic force on the vortex by varying
the distance between the tip and the sample to manipulate the
vortex.[26] However, in STM, the distance between the tip and
the sample is fixed at approximately 1 nm, meaning that the
relative magnetic strength of the tip on the vortex cannot be
altered. Instead, the magnetic force on the vortex can only be
adjusted by changing the absolute magnetization of the mag-
netic tip. To implement this scheme, the simplest method is to
wrap a coil around the tip to form a solenoid, applying current
to generate a local magnetic field that controls the absolute
magnetization of the tip. This approach has been used in spin-
polarized scanning tunneling microscopes (Sp-STMs).[31]

Fortunately, the multifunctional scanning tunneling mi-
croscope (MSTM) in our lab, equipped with a self-designed
four-electrode piezo-scanner tube, provides an opportunity to
introduce a similar setup.[16,17] In this paper, we have devel-
oped a new technology and demonstrated its capability of vor-
tex control in NbSe2.

2. Methods
The experiments were carried out in a UHV system

equipped with a 400 mK STM and MBE. The base pressures
of the systems are better than 2×10−10 Torr. 2H-NbSe2 crys-
tals were made by the vapor transport method. NbSe2 were
cleaved in situ at room temperature, resulting in shiny flat
(0001) surfaces. After cleavages, NbSe2 samples were im-
mediately transferred to STM head. STM images show atom-
ically flat terraces of several hundreds of nanometers in size.
All STM dI/dV maps were taken at 400 mK with V = 1 mV;
I = 0.1 nA; Vmod = 0.05 mV with a frequency of 991 Hz.
The STM tips were made from electrochemically etched metal
wires. The solutions to etch W, Fe, Ni, permalloy and FeSiB
wires are NaOH, HCl, HCl, HCl and a HCl/HF mixture re-
spectively.

3. Results
Figure 1(a) shows the characterization of a static vortex

lattice using a non-magnetic W tip. The image was obtained
by dI/dV measurement at around 1 mV, i.e., the coherence
peak of NbSe2. In the image, high-intensity (red) regions
correspond to the superconducting areas, while low-intensity
(blue) regions correspond to the vortices. Based on the image,
we know that vortex lattice has a spacing of 167 nm under
0.1 T magnetic field.

(a) (b)

(c) (d)

High

Low

Fig. 1. Characterization manipulation of a vortex lattice on NbSe2 us-
ing STM with different tip materials. (a) Characterization of a station-
ary vortex lattice using a tungsten (W) tip. (b)–(d) Characterization of a
moving vortex lattice using a magnetic tip, with tip materials iron (Fe)
(b), nickel (Ni) (c) and permalloy (Py) (d). In all dI/dV maps in this
paper, blue refers to the vortex.

Figures 1(b)–1(d) show vortex movement experiments
using strong magnetic tips including hard magnetic Fe
(Fig. 1(b)) and Ni tips (Fig. 1(c)), and a soft magnetic Py tip
(Fig. 1(d)). The tip’s magnetization process was controlled by
polarizing the tip in a 70 G field for one minute to minimize
the effect of its remanent magnetization. After polarization,
the magnetic field was removed. We found that the remanent
magnetization of the tip itself is already high enough to gener-
ate (and manipulate) vortex lattice.

The striped vortex patterns in Figs. 1(b)–1(d) demonstrate
collective vortex motion driven by the remanent stray mag-
netic field of the tip during scanning. We found that the vortex
lattices have ∼ 500 nm spacing, corresponding to a remanent
field of ∼ 100 G, similar to the vortex lattice generated by the
Ni tip in a previous STM experiment.[32] The striped patterns
exhibit a significant increase in both length (several hundred
nm) and width (several tens of nm) of the vortex array. In
the fast-scanning direction, the vortices are pulled back and
forth by the tip during forward and backward scans, resulting
in displacements of several tens of nm. In the slow-scanning
direction, the tip couples with the vortex on each scan line,
progressively pulling it in the slow direction and forming a
striped pattern.

4. Discussion
We confirmed the vortex movement by analyzing its dis-

placement during the scanning process with the magnetic tip.
In the STM setup, the tip scans in the forward (FWD) direction
and then reverses to scan backward (BWD), generating corre-
sponding FWD and BWD images. By comparing the dI/dV
maps from both scans, we observe that the vortex positions in
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the FWD and BWD scans do not overlap, indicating the tip’s
interaction with and displacement of the vortex. In the fast-
scanning direction, a displacement of approximately 50 nm
occurs, while in the slow-scanning direction, the vortices form
continuous long stripes (Fig. 2(a)). The characterization and
movement of the vortex depend on the distance between the
magnetic tip and the vortex during scanning. The tip must be
positioned directly above the vortex to characterize it, while
due to the long-range nature of the magnetic force, it can still
exert a traction force even at greater distances. This attrac-
tive force, arising from the same polarity between the tip and
vortices generated by the tip’s residual magnetism, decreases
with increasing distance.[33] Since the tip scans much faster
than the vortex can respond, the duration of their interaction
determines how far the vortex moves, making scanning speed
a key factor in vortex displacement.

(a)

(b)

(c)

(d)

High

Low

(e)

(f)

(g)

(h) FWD

BWD50 nm

Fig. 2. Analysis of vortex movement induced by a magnetic tip. (a) Simul-
taneous forward (FWD) (upper panel) and backward (BWD) (lower panel)
STM images of a moving vortex lattice characterized using an Fe tip. (b)–
(g) Position and force relationship between the tip and a specific vortex. (b)–
(d) Correspond to the FWD process: tip moves toward the vortex (b), tip is
above the vortex (c), tip moves away from the vortex (d). (e), (g) Correspond
to the BWD process: tip returns toward the vortex (e), tip is above the vortex
(f), tip moves away from the vortex (g). (h) Simulation of the vortex trace
recorded by the tip.

We illustrate our analysis in Figs. 2(b)–2(g). In the fast-
scanning direction, the tip starts from the left, increasing its
traction on the vortex as it approaches, pulling the vortex
slightly to the left (Fig. 2(b)). As the tip moves across the vor-
tex, it causes the vortex to oscillate back and forth (Fig. 2(c)).
Once the tip moves past the vortex, the traction decreases,
pulling the vortex to the right (Fig. 2(d)). When the tip re-
verses direction, the traction force increases again, pulling the
vortex to the right (Fig. 2(e)) and causing similar oscillations
(Figs. 2(f) and 2(g)). As the tip continues scanning, the vor-
tex moves back and forth, forming a wider pattern. The BWD
pattern is displaced approximately 50 nm to the right relative
to FWD pattern, corresponding to the maximum displacement
at the given scanning speed (Fig. 2(h)). After each scan, the
vortex’s horizontal position in the fast-scanning direction re-
mains roughly the same, while in the slow-scanning direction,
it moves continuously, forming a long-stripe pattern. Quantita-
tively, in some datasets, the stripe lengths in the slow direction

range from tens of nm to 1 µm, influenced by factors such as
surface flatness and scanning speed.

After confirming that the hard magnetic tip can move the
vortex lattice, we tested its long-range motion by adjusting the
tip’s scanning direction to better control vortex dynamics. It
turns out that the vortex moves in a fixed direction by a hard
magnetic tip, while the vortex can move with the scanning di-
rection by a soft magnetic tip. Namely, by using an Fe tip,
vortex motion consistently occurs in a specific direction, as
displayed in Fig. 3(a). This behavior is due to the large rema-
nence and strong in-plane anisotropy of the tip material. As
verification, vortex movement along a different single direc-
tion after reorienting the tip confirmed that the vortex moves
along the main magnetization direction, aligning with the tip’s
maximum in-plane remanence. In contrast, the soft magnetic
FeSiB tip allows the vortex to move in any direction along
the slow scanning axis due to its weak remanence and min-
imal anisotropy. By rotating the scanning direction in 90◦

increments, we could rotate the vortex array in place, with
each movement spanning approximately 300 nm, as shown in
Fig. 3(b), which highlights a change in a specific vortex’s di-
rection, demonstrating collective, directional movement of the
vortex array.

To better control the vortex, enabling switching between
static and dynamic vortex lattice motion, and to manipulate a
single vortex, it is crucial to regulate the magnetization of the
magnetic tip. Initially, the tip’s magnetization is roughly ad-
justed to demagnetize it, ensuring that the tip and the vortex
are independent. Fine-tuning the tip’s magnetization subse-
quently modifies its stray field, enabling control over the trac-
tion force on the vortex and achieving static-dynamic switch-
ing. Following this strategy, a solenoid device, consisting of
an FeSiB tip surrounded by a copper-enameled coil, is intro-
duced into the MSTM system (Figs. 4(a) and 4(b)). The de-
magnetization capacity is tested through a saturation polariza-
tion experiment, in which an FeSiB tip is first saturated by a
500 G field, followed by the removal of the polarizing field
(Fig. 4(c)). The current in the copper-enameled coil (Icec) is
gradually adjusted, altering the tip’s magnetization (Fig. 4(c)),
followed by vortex mapping at each change of Icec to deter-
mine the tip’s magnetization (Figs. 4(d)–4(g)), calculated from
the measured vortex lattice spacing. The Icec also heats the
sample, eventually decreasing the vortex resolution. When
Icec = 20 mA, the temperature increases to the point where the
vortex is almost indistinguishable (Fig. 4(f)). A reverse Icec

experiment confirms the coil’s ability to demagnetize the tip,
with an adjustable range up to 100 G (Fig. 4(c)). These results
demonstrate effective regulation of the magnetic tip, enabling
improved manipulation of single vortices.
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Fig. 3. Vortex lattice movement along a single or arbitrary direction induced by hard or soft magnetic tips. (a) Vortex lattice movement in a
single direction induced by hard magnetic Fe tip. (b) Vortex lattice movement in a circle induced by the soft magnetic FeSiB tip.
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Fig. 4. Vortex lattice manipulated by a magnetism-tunable FeSiB tip using a solenoid device. Design drawing (a) and physical image (b) of
the solenoid device. (c) Schematic diagram of the magnetization curve for soft magnetic materials like FeSiB. (d)–(g) Vortex lattice behavior
under different tip magnetism tuned using a solenoid device. Coil current is I = 0 mA (d), I = 10 mA (e), I = 20 mA (f), and I =−5 mA (g).
The effective magnetic field M, calculated from experimental vortex lattice constant, is marked by the corresponding letter in (c).

5. Summary
We employed a strong magnetic tip to induce the over-

all motion of the vortex array, generated by the tip’s remanent
magnetic field. This was validated through staged analysis of
the tip–vortex relationship, based on vortex movement data
from FWD and BWD images. Additionally, we employed a
soft magnetic tip to manipulate the vortex array’s motion in
any direction, effectively simulating the basic operations re-
quired for vortex braiding. To enhance control over a single
vortex, we developed a strong magnetic tip demagnetization
technique based on MSTM. The solenoid device demonstrated
effective demagnetization, providing a solid foundation for de-
coupling the vortex from the tip, followed by control over
static and dynamic vortex switching and ultimately enabling

the manipulation of a single vortex.
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