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ABSTRACT: The controlled manipulation of Abrikosov vortices is essential for
both fundamental science and logical applications. However, achieving nanoscale
manipulation of vortices while simultaneously measuring the local density of states
within them remains challenging. Here, we demonstrate the manipulation of
Abrikosov vortices by moving the pinning center, namely one-dimensional
wrinkles, on the terminal layers of Fe(Te,Se) and LiFeAs, by utilizing low-
temperature scanning tunneling microscopy/spectroscopy (STM/S). The
wrinkles trap the Abrikosov vortices induced by the external magnetic field. In
some of the wrinkle-pinned vortices, robust zero-bias conductance peaks are
observed. We tailor the wrinkle into short pieces and manipulate the wrinkles by
using an STM tip. Strikingly, we demonstrate that the pinned vortices move
together with these wrinkles even at high magnetic field up to 6 T. Our results
provide a universal and effective routine for manipulating wrinkle-pinned vortices
and simultaneously measuring the local density of states on the iron-based superconductor surfaces.
KEYWORDS: Abrikosov vortex, manipulation, scanning tunneling microscopy, iron-based superconductors, nanowrinkle

The manipulation of vortices, which host a quantized
magnetic flux in a type-II superconductor, is a crucial step

toward developing applications in topological quantum
computation. The normal-state vortex core has a radius of
the scale of superconducting coherence length ξ. Around the
vortex core, the circulating supercurrent has a decay length of
magnetic penetration depth λ.1 The vortices tend to be pinned
at the defected sites where superconducting is suppressed.
Vortices can perform clock logic operations by forming a
ratchet mechanism2 or control spin in an adjacent diluted
magnetic semiconductor.3 In recent years, it has been
demonstrated by scanning tunnelling microscopy (STM) that
vortices in iron-based superconductors (IBSs) host Majorana
zero mode (MZM),4−12 which has potential applications in
topological quantum computation.13,14 Manipulating and
braiding MZMs are fundamental operations in topological
quantum computation. The complete process of braiding
MZMs needs to be achieved in a topological region, which is
normally tens to a hundred nanometers in FeTe0.55Se0.45.

9

Meanwhile, the operation of braiding MZMs itself requires
precision. Therefore, nanoscale manipulation of vortices is
crucial but still lacks in IBSs.

Several different methods have been applied to manipulate
individual Abrikosov vortices in superconductors. By using
magnetic force microscopy (MFM)15,16 and scanning super-
conducting quantum interference device (SQUID) micros-
copy,17−19 the vortices are driven by the magnetic force or

local mechanical stress. However, these methods have limited
spatial precision, with MFM having a precision range of 10−
100 nm and SQUID having a range of 100 nm.20 In the
superconducting film, the vortices are driven by laser beam-
induced21 and tunneling current-induced22 heating effects,
which create a micron-sized hotspot. Control of individual
Abrikosov vortices by all the methods mentioned above, where
the driving forces have a large influence on size, requires
vortices with large sizes and a long distance between vortices.
Meanwhile, the pinning potential competes with repulsive
interaction between vortices. The final location of vortex
depends on the balance of this competition and is limited by
the pinning centers. In IBSs, the small distance (tens of
nanometers) between vortices at high magnetic field on the
order of Tesla results in a stronger repulsive force between
vortices, which makes it even more difficult to control the
vortices. In addition, none of the methods above are capable of
both manipulating the vortex and measuring the local density
of the states (LDOS) within the vortex simultaneously.
Therefore, achieving nanoscale manipulation of vortices with
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a controllable final location and simultaneous measurement of
the LDOS within the vortex of bulk IBSs remains challenging.

In this work, by employing STM, we achieve the
manipulation and detection of the local density of states of
the vortices which are pinned by the nanoscale wrinkles on the
surface of some IBSs, namely FeTe0.55Se0.45 and LiFeAs. The
wrinkles which are controllably created through a low-
temperature cleaving process trap one-dimensional vortex
lattice due to the suppression of superconductivity on some of
the wrinkles. In some wrinkle-pinned vortices, we observe
sharp ZBPs, which never split or shift when moving away from
the vortex core. The wrinkles are tailored and moved at the
nanoscale by the STM tip. As a result, the pinned vortices are
driven together with wrinkles. Despite the strong repulsive
force between vortices under an external magnetic field
perpendicular to the sample surface of 6 T, the vortices
move simultaneously with the pinning center, i.e., the wrinkles.
This vortex-control technique opens up a new avenue for
manipulating exotic vortex bound states and studying vortex
entanglement23 in IBSs, moreover, as well as other layered
superconductors.

We first study the controllable construction of wrinkles on
two typical IBSs, FeTe0.55Se0.45 and LiFeAs (Figures 1). The
wrinkles, which are one-dimensional (1D) corrugated
structures commonly observed in graphene,24−29 transition
metal disulfide,30−36 and other layered materials,37 are typically
introduced by prestraining substrate27 or synthesizing the

material with a different thermal expansion coefficient than the
substrate.38 Here, we intentionally cool down the cleave
temperature to introduce wrinkles at the as-cleaved surfaces of
the FeTe0.55Se0.45 single crystal, whose atomic structure and
atomically resolved STM image are shown in Figure 1a and
Figure 1b, respectively. We perform the crystal cleavage at both
room temperature and low temperature (150 K), respectively.
As a result, the STM image shows a flat as-cleaved surface
without corrugations at a cleaving temperature of 300 K
(Figure 1c). In contrast, the wrinkles appearing as one-
dimensional ridges are more frequently observed at a cleaving
temperature lower than 150 K (Figure 1d), indicating that the
wrinkles are generated during cleavage. We attribute the
stability of the wrinkles at low temperature to the non-
dissipative of stress during the cleaving process. Similarly, we
detect wrinkles on the lithium-terminated surface of LiFeAs
(Figures 1e−f) and find that they are more likely to appear
under low cleaving temperatures. The wrinkles appeared as
bright stripes arranged in arrays on the surface of LiFeAs
(Figure 1g).

We next study the pinning effects at the wrinkle regions. The
pinning centers, such as atomic vacancies,39 nanostrain,40 and
crystal disruption,41 can trap magnetic flux due to the
suppression of Cooper pairs. Here, we demonstrate that
some of the wrinkles of FeTe0.55Se0.45 and LiFeAs can trap
vortices. To investigate the influence of wrinkles on the
superconducting parameter, we detected the spectra across the

Figure 1. 1D wrinkles on FeTe0.55Se0.45 and LiFeAs. (a) Atomic structure of FeTe0.55Se0.45. (b) Atomically resolution STM image (Vs = −10 mV, It
= 100 pA) of FeTe0.55Se0.45. (c) Schematic of cleaving process at 300 K and STM image (Vs = −10 mV, It = 10 pA) of clean surface. (d) Schematic
of cleaving process at 150 K and STM image (Vs = −10 mV, It = 10 pA) of the cleaved surface. The bright stripe is a 1D wrinkle. (e) Atomic
structure of LiFeAs. (f) Atomic resolution STM image (Vs = −5 mV, It = 100 pA) of LiFeAs. (g) The STM image (Vs = −30 mV, It = 30 pA) of
LiFeAs shows wrinkles on the surface (the electron temperature of STM#1: Teff#1 ≈ 752 mK, the electron temperature of STM#2: Teff#2 ≈ 715
mK).
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wrinkles in FeTe0.55Se0.45 and LiFeAs, respectively. In
FeTe0.55Se0.45, the spectra detected beyond the wrinkle show
hard superconducting gaps (Figure S1a−b), while the
superconducting gap becomes small and soft upon entering
the wrinkle. In LiFeAs, the superconducting gaps on the
wrinkle show a suppression of coherence peaks (Figure S1c−
d), which are in accordance with the results of type-II wrinkles
in LiFeAs reported in a previous work.37 We attribute the
suppression of Cooper pairs to the local strain around wrinkles.

To demonstrate the pinning effect of the wrinkles, we carry
out the zero-bias conductance (ZBC) maps and display them
on Figure 2. We acquire the corresponding ZBC map at 6 T in
the surface region of FeTe0.55Se0.45 with wrinkles (Figure 2a−
b). Vortices are pinned along the wrinkles and form one-
dimensional (1D) vortex chains. We observed similar results in

the type-II wrinkle regions of LiFeAs37 where the vortices are
highly ordered along the wrinkles and form a 1D vortex chain
at 3 T (Figure 2c−d). The distance between vortices trapped
within one wrinkle is roughly uniform in both FeTe0.55Se0.45
and LiFeAs, indicating that the pinning force in the wrinkles is
homogeneous.

We also detected the dI/dV spectra across the wrinkle-
pinned vortex. Intriguingly, despite the stress in the wrinkle, we
observe a zero-bias peak (ZBP) in the core of some wrinkle-
pinned vortices in both FeTe0.55Se0.45 (Figure S2a−c) and
LiFeAs (Figures S2d−f). From the intensity plot of a series of
spectra detected in the wrinkle-pinned vortex on FeTe0.55Se0.45
(Figures S2c) and LiFeAs (Figure S2f), the ZBPs never split or
shift at positions away from the vortex center. The behaviors of
ZBPs are the same as those in previous work on

Figure 2. 1D vortex lattice pinned on wrinkles. (a) STM image (Vs = −10 mV, It = 10 pA) of a wrinkle on FeTe0.55Se0.45. (b) Zero-bias-
conductance (ZBC) map (Vs = −10 mV, It = 100 pA) detected in the area of (a) with an extra magnetic field of 6 T. The vortices with a distance of
about 18 nm between each other are pinned on the wrinkle, indicated by red lines. (c) STM image (Vs = −30 mV, It = 30 pA) of wrinkles on
LiFeAs. (d) ZBC map (Vs = −5 mV, It = 200 pA) detected in the area of (c) with an extra magnetic field of 3 T. The vortices are pinned on the
array of wrinkles (Teff#1 ≈ 752 mK, Teff#2 ≈ 715 mK).

Figure 3. Controllable tailoring and moving of wrinkles. (a) STM image of FeTe0.55Se0.45 (Vs = −10 mV, It = 10 pA) with several wrinkles in it.
Wrinkles are highlighted by red lines. The bright dots are clusters on the surface of FeTe0.55Se0.45. (b) STM image (Vs = −10 mV, It = 10 pA) of the
same area in (a). We approach the tip and dig a hole on the surface. The two wrinkles (pointed by red arrows in a and b) breaks up because of the
tensile strain. The undisturbed wrinkles are highlighted by red lines. (c) A series of STM images (Vs = −10 mV, It = 10 pA) show a sequence of
right-sliding and left-sliding of a winkle on FeTe0.55Se0.45. (d) STM images (Vs = −30 mV, It = 30 pA) show tailoring wrinkles by using STM tip on
LiFeAs. The yellow balls indicate the location where we pulse the tip. (e) STM images (Vs = −30 mV, It = 30 pA) show sliding of a wrinkle on
LiFeAs (Teff#1 ≈ 752 mK, Teff#2 ≈ 715 mK).
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FeTe0.55Se0.45,
4,9,11 where the ZBPs are attributed to MZMs. In

addition, MZMs are reported to exist in impurity-assisted
vortices7 and Abrikosov vortices in biaxial charge density wave
(CDW) regions8 in LiFeAs. Here, the ZBPs in wrinkle-pinned
vortices on FeTe0.55Se0.45 and LiFeAs are possibly MZMs.
However, due to the electron temperatures in our work being
∼752 mK for STM#1 and ∼715 mK for STM#2 (Figure S3),
we cannot distinguish the ZBP from the low-lying Caroli−de
Gennes−Matricon (CdGM) state. Further experiments at very
low temperatures (∼100 mK electron temperature)11 are
needed.

After investigating the pinning effects of the wrinkle, we
achieve the manipulation of wrinkles in FeTe0.55Se0.45 and
LiFeAs. First, we tailor the wrinkle in FeTe0.55Se0.45 by
approaching the tip toward the surface (orange ball in Figure
3a) and controlled crashing the tip on the surface, which
results in a vacancy nanoisland (black hollow in Figure 3b).
The controlled crash modifies the local strain field around the
wrinkles, causing two of the wrinkles (pointed by red arrows)
to break up and move away, while the other two wrinkles on
the sides remain unchanged. Subsequently, we move the
wrinkle at the atomic scale, as demonstrated by the series of
STM images in Figure 3c, which show the sliding of a winkle
on FeTe0.55Se0.45. We achieve the movement of wrinkle by
approaching the tip close to the surface and scanning across
the wrinkle (details see Method). As a result, the wrinkle is
dragged by the tip and slides with a distance ranging from
several to tens of nanometers, allowing for the movement of

wrinkles along different directions without causing damage or
structure defects.

In addition to the FeTe0.55Se0.45, we have demonstrated that
these manipulating processes, including tailoring and moving
the wrinkle, can extend to the surface of LiFeAs (Figures 3d−
e). After being tailored at two positions by an STM tip, the
wrinkle is cut into a short piece (Figure 3d), allowing for the
artificial fabrication of short wrinkles that can trap vortices with
a desired number. The wrinkle in LiFeAs is also moved by
scanning across the wrinkle with a short tip−sample distance,
as shown in Figure 3e. The successful application of
manipulation methods to wrinkles in FeTe0.55Se0.45 and LiFeAs
proves that it is a universal technique, which could potentially
be utilized in other IBSs.

The controllable tailoring and moving of wrinkles
immediately open an opportunity to manipulate the vortices
trapped by them, as shown in the schematic (Figure 4a). We
have achieved the manipulation of vortices around 1D wrinkles
at the surface of FeTe0.55Se0.45. The original topographic image
with a wrinkle and the corresponding ZBC map of the same
area detected at 6 T are displayed in Figure 4b and Figure 4c,
respectively. In the ZBC map, vortices are trapped in the
wrinkle and form an ordered vortex chain. Then the wrinkle is
pushed forward about 5 nm (Figure 4d−e), with the original
location marked by dashed red lines in the topography (Figure
4d) and the corresponding ZBC map (Figure 4e) for
comparison. Owing to the strong pinning force of the wrinkle,
the pinned vortex chain moves together with the wrinkle and

Figure 4. Control of vortex motion by manipulating wrinkles. (a) Schematic of the movement of wrinkle-pinned vortex by using STM tip. (b and
c) STM image (b) (Vs = −10 mV, It = 100 pA) and zero-bias dI/dV mapping (c) (Vs = −10 mV, It = 100 pA) showing a wrinkle and as-pinned
vortices at a magnetic field of Bz = 6 T. (d and e) STM image (d) (Vs = −10 mV, It = 100 pA) and zero-bias dI/dV mapping (e) (Vs = −10 mV, It =
100 pA) showing the wrinkle and as-pinned vortices after manipulation, indicating the controlled sliding of wrinkle and corresponding 1D pinned
vortices (Teff#1 ≈ 752 mK, Teff#2 ≈ 715 mK).
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stays stable at the final location, whereas normally in a sample
without pinning centers, the vortices relax into a triangular
vortex lattice after removing the external force at such high
magnetic fields, due to the strong repulsive interaction between
vortices.22 Meanwhile, the vortices outside the wrinkle
rearrange due to the strong repulsive force between vortices.
Throughout the entire process, including manipulating the
wrinkle and detecting the ZBC map, the magnetic field is kept
constant at 6 T.

In summary, we intentionally introduce nanowrinkles on
both FeTe0.55Se0.45 and LiFeAs through low-temperature
cleavage. The wrinkles trap a one-dimensional vortex chain,
due to the suppression of Cooper pairs by a local strain. In
some wrinkle-pinned vortices, robust ZBPs are observed,
which are possibly MZMs. By employing an STM tip, we tailor
a long wrinkle into short pieces and precisely move them. The
vortices move together with the wrinkle due to the pinning
effect, which provides a way to manipulate vortices. The
generation and manipulation of vortex-pinning wrinkles, and
simultaneous detection of LDOS within vortices, open up new
opportunities for studying the interaction of bound states in
adjacent vortices on layered superconductors and may lead to
new applications in quantum technologies.

■ EXPERIMENTAL METHOD
Single Crystal Growth. High-quality single crystals of

FeTe0.55Se0.45
4 and LiFeAs42 are grown using the self-flux

method. The FeTe0.55Se0.45 crystal and LiFeAs crystal are
mounted on an STM sample holder in a glovebox and
transferred to an ultrahigh-vacuum chamber.
Scanning Tunneling Microscopy/Spectroscopy. The

samples are cleaved in situ and immediately transferred into an
STM scanner. The STM experiments on FeTe0.55Se0.45 are
carried out in an ultrahigh vacuum (1 × 10−11 mbar) LT-STM
system (USM-1300s-3He, STM1#), which can apply a
perpendicular magnetic field up to 11 T. The STM
experiments on LiFeAs are carried out in an ultralow-
temperature STM system (USM-1300s-3He, STM2#) equip-
ped with 9−2−2 T vectorial magnets. STM images are
acquired in the constant-current mode with a tungsten tip. The
voltage offset calibration is followed by a standard method of
overlapping points of I−V curves. Differential conductance
(dI/dV) spectra are acquired by a standard lock-in amplifier at
a frequency of 973.1 Hz, under modulation voltage Vmod = 0.1
mV. A low temperature of 0.4 K is achieved by a single-shot
3He cryostat.
Manipulation of Wrinkles. In the tip crashing process,

the feedback is off. The tip is approached 1 nm closer toward
the sample surface within a very short time (50 ms), which
induces the tip crash on the sample surface. Afterward, the
sample bias is changed into 1 V and kept for 1 s. Finally, the tip
is withdrawn from the sample surface with the feedback on
within a very short time (50 ms). In the tip-induced moving
process, the feedback is on. The scanning parameter is set to be
Isepoint = 5 nA, Vsample = −1 mV, which positions the tip closer
to the sample surface. Then the tip moves across the wrinkle,
which results in the displacement of the wrinkle along the same
direction with the tip.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c00982.

The characterization of the superconductivity across
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