Downloaded viaNANJNG UNIV on December 19, 2022 at 02:49:51 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO... 5

pubs.acs.org/NanoLett

Bamboo-like Vortex Chains Confined in Canals with Suppressed
Superconductivity and Standing Waves of Quasiparticles

Wen Duan,T Kailun Chen,T Wenshan Hong, Xiaoyu Chen, Shiliang Li, Huigian Luo,* Huan Yang,*
and Hai-Hu Wen*

Cite This: Nano Lett. 2022, 22, 9450-9456 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

Vortex cores confined in canals Spatial e-h asymmetry

g(+1mV) = g(=1mv) 4

-
4
WA
‘ ';'.‘/.
o Mg
o g ..:/( +

T

=ty D
A- £ |
w2 A : -3 =

ABSTRACT: The vortex core can be regarded as a nanoscale confined system for quasiparticles in a type-II superconductor. It is
very interesting to investigate the interplay between the vortex core and other microscopic quantum confined systems. We observe
band-like canals with the width of about 1S nm on the surface of KCa,(Fe,_,Ni,),As,F, (x = 0.05) by scanning tunneling
microscopy. Some canals suppress superconductivity and confine parallel standing waves due to the quasiparticle interference. Upon
magnetic fields being applied, some elongated vortices are formed within canals showing bamboo-like one-dimensional vortex chains.
Interestingly, the confined vortex cores are elongated roughly along the perpendicular direction of canals, and the local density of
states at positive and negative energies shows an in-phase oscillation at zero field; but, it becomes out-of-phase crossing the vortex
cores. Our work reveals a new type of vortex patterns in confined canals and its interplay with the quasiparticle interference.

KEYWORDS: Iron-based superconductor, nanoscale confined system, pinned vortex, bamboo-like 1D vortex chain,
interplay of confined electronic states

In a type-II superconductor, vortices are formed when the VBSs deviate from this widely believed ratio in a newly
applied magnetic field is stronger than the lower critical discovered iron-based superconductor KCa,Fe,As,F,
field. There is a core with a diameter of about 2& (£ is the (K12442)“’12 with novel physical properties.m_22 The reason
coherence length) in the vortex. In a clean superconductor, for this deviation is that the extreme quantum limit condition
quasiparticles will be Andreev reflected at the core boundary, T/T. << A/Eg is satisfied, and there is a Friedel-like oscillation
forming vortex bound states (VBSs) or the so-called Caroli-de in the spatial evolution of the superconducting order parameter

Gennes-Matricon (CdGM) states." The energy levels of VBSs 3,11,12
are argued to locate at E, = +uA*/E; with A being the
superconducting gap, Eg being the Fermi energy, and u being
the quantum number taking half and odd integers.” Since Ex >>
A in most superconductors, the energy interval A*/Ey of the
neighboring VBS is extremely small, and discrete VBSs are very
difficult to detect.”™® In some iron-based superconductors, E
of some bands is comparable with A; thus, they are good
candidates for the observation of discrete VBSs. The clear
evidence of discrete VBSs was obtained in some vortex cores in

across a vortex core. Due to the repulsive force between
vortices, free vortices prefer to arrange into an ordered
triangular lattice when the vortex pinning effect is negli-
gible.>** However, the vortex pinning seems to be strong in
iron-based superconductors, and vortices usually form a
disordered lattice.”'>™3° In addition, vortices can be easily
pinned by twin boundaries””*”*"** or wrinkles®> on the
surface. The interaction between vortices and defects in iron-

Fe(Te,Se),” and they were later also observed in the Received: = September S, 2022 MAO L s
monolayer FeSe film® and (Ligg,Fe,,s) OHFeSe.”'" In these Revised: ~ November 22, 2022 @
measurements, the quantum limit condition T/T. < A/Eg is Published: November 28, 2022 %’ -
satisfied, and bound-state peaks of the three lowest energy 1

. . . . . ) ey
levels locate at energies being quite close to the originally

predicted values, " namely, 1:3:5. However, energy levels of
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based superconductors is an important subject with an impact
in vortex pinning problems as well as Majorana modes
appearing in vortex cores due to the intrinsic topological
nature of some iron-based superconductors.

Here, we carried out the scanning tunneling microscopy/
spectroscopy (STM/STS) study on VBSs
KCa,(Feg9sNig s )4As,F,. Some canals are observed on the
surface, and they show suppressed superconductivity and
confine unidirectional and parallel standing waves of
quasiparticles within them. Vortices can be easily pinned by
these canals forming bamboo-like one-dimensional (1D)
vortex chains. Interestingly, VBSs show the phase modulation
effect with obvious particle—hole asymmetry to unidirectional
standing waves along the direction of the canals.

In the KCa,(FegosNiggs)sAs,F, sample, the topographic
features of the top surface look like those in undoped
samples;”” i.e., there are many hollows and some chains of
hollows which may be induced by vacancies of surface atoms
(Figure la). However, tunneling spectra (Figure 1b) are very
inhomogeneous in the Ni-doped sample, and they are different
from very homogeneous spectra obtained in the undoped
K12442 sample™” (Supplementary Note 1). In addition, the
zero-bias conductance is lifted from zero in undoped samples™
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Figure 1. Vortex images and vortex bound states in
KCa,(FeyosNig5)4As,F,. (a) Topographic image measured in a
single crystal of KCa,(Fey0sNigs)4As4F, (Set point condition: Vi, =
1V, I, = 20 pA). (b) A set of spatially resolved tunneling spectra
measured along the arrowed line in (a). The spectra shown in olive
are measured at positions of hollows on the surface, while the
spectrum shown in red is measured at the position on the hollow
chain. Energies of coherence peaks determined on spectra measured
on hollows or hollow chains are similar to those determined on the
spectra measured at other places away from these structures. (c)
Vortex images measured in the same area of (a) and at different
biases. The applied magnetic field is 1 T, and there are two vortex
cores in the field of view. (d) Tunneling spectra measured at the
centers of the two vortex cores (Vi = 20 mV, I, = 200 pA).
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to a finite value in the doped sample. Coherence peaks locate
near about +5.5 meV on the spectra, and the peak energy is
unaffected by hollows and hollow chains (Figure 1b).

In order to investigate the property of the vortex core and
VBS, a magnetic field of 1 T is applied to the sample, and
Figure lc shows the differential conductance (dI/dV)
mappings obtained at different energies. One can see two
vortex cores in the field of view (FOV). Being different from
those obtained in undoped sarnples.,11 the vortex images are
not that clear, and Friedel oscillations of vortex cores at high
energies are completely removed by the strong impurity
scattering. Combined with spatially inhomogeneous tunneling
spectra, there should be quite a lot of impurities in the sample
which are likely to be Ni dopants. These impurities scatter
quasiparticles in VBS and blur vortex images especially at high
energies. However, the energy evolution of the vortex image in
the Ni-doped K12442 looks roughly like that in undoped
samples:'' the vortex core behaves as a bright spot at zero bias,
then becomes a bright ring at a higher energy, and finally
evolves to a dark disc at the energy near the superconducting
gap. Since Ey is slightly bigger than A in this sample, discrete
VBSs should be observed in the vortex core. There are peaks of
VBSs locating at about +1.9 meV on the spectra measured at
core centers (Figure 1d), and this energy is much larger than
0.8 or 0.9 meV obtained in the undoped sample.'' In this area
on the Ni-doped sample, the superconducting gap increases to
5.5 meV from 4.6 meV in the undoped sample, while E is
slightly decreased to about 20 + 4 meV (Supplementary Figure
S2) from 24 + 6 meV in the undoped sample.”” Therefore, the
increase of the first bound-state energy E,,,, = +A%/2E can
be explained as the Ni doping. However, impurity induced
bound states also locate at about +2 meV, and there may be a
possibility that VBSs are affected by the impurity bound state,
leading to a similar bound-state energy.

Besides hollows and hollow chains, we also observe some
band-like canals which have not been observed in the undoped
sample. Figure 2a shows a topographic image in an area with
two such canals, and their width (w) is 15 nm. In addition,
the deepest place of the canal is about 0.5 A lower than the
neighboring canal-free region at different set point biases
(Supplementary Figure S3), which suggests that these canals
are likely to be spatially lower than the outside region.
However, the topography measured in the constant-current
mode contains the information on the atomic height and also
the local density of states (LDOS),** and we cannot conclude
that the LDOS has no influence on the altitude of the canal.
Nevertheless, the atomically resolved topography shows a
continuous surface lattice across a canal without any visible
distortions or misalignments (Supplementary Figure S4),
which suggests that the canal is not the twin boundary or
the dislocation of K/Ca atoms on the top surface. We notice
that some wrinkles are observed on the top Li surface in
LiFeAs.” They are a little higher than the wrinkle-free region,
but the Li lattice is continuous and perfect across wrinkles. The
authors attribute them to the release of the local strain during
the creation of the top surface upon cleavage.”” Since canals
observed here have not been detected in undoped samples,
they may be induced by the residual strain and thus slight
distortion in the FeAs layer caused by Ni dopants.

As mentioned above, hollow chains on the surface have a
negligible influence on the superconducting gap. However,
some canals can suppress superconductivity significantly.
Coherence peak energy obviously shrinks on the spectra
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Figure 2. Canals and suppression of superconductivity. (a) Topo-
graphic image recorded in an area with two canals which are
highlighted by two pairs of dashed lines (V. = 1V, I, = 20 pA). The
inset shows the atomically resolved topography with dimensions of 5
nm X § nm measured near the region shown in the main panel (V,,, =
20 mV, I, = 200 pA). (b) Spatially resolved tunneling spectra
measured along the arrowed line in (a) (Vi = 20 mV, I, = 200 pA).
The spectra measured in canals are roughly indicated by two pairs of
dashed lines. (c) Average curves of tunneling spectra selected from
(b) measured in two canals and in the canal-free region, respectively.
Since tunneling spectra are spatially inhomogeneous, we average 10
spectra measured within two canals and 30 spectra in the canal-free
region and show the averaged spectra in (c).

measured within canals (Figure 2b) from about 5.5 to 3.7 meV
for canal 1 and to 3.2 meV for canal 2 (Figure 2¢). dI/dV at
zero bias is also lifted on the spectra measured within canals,
which suggests the increase of the ungapped quasiparticles. It
should be noted that the angle is very small between these
canals and the a-axis of the surface (also the Fe—Fe direction
in the FeAs layer) determined from the atomically resolved
topography (inset of Figure 2a), i.e., 18° for canal 1 and —10°
for canal 2. In fact, we can also observe some canals which have
a negligible influence on the superconductivity, when the angle
is large between the canal and the lattice axis on the surface.
Two examples are shown in Supplementary Figure S5, and the
angles are 30—40° and 40—50° between the canals and the a-
axis (or Fe—Fe direction). We are aware that there are two
kinds of wrinkles with similar topographies on the top surface
of LiFeAs, and they have different influences on the
superconductivity. The difference arises from the angle
between the wrinkle and the Fe—Fe direction, and the
deviating angle is about 20° with respect to the Fe—Fe
direction.” Here, in the Ni-doped K12442, canals are likely to
weaken the superconductivity when they are along directions
closer to the Fe—Fe direction, but they may have a negligible
influence on the superconductivity when they are along
directions closer to the Fe—As—Fe direction. However, since
only a very limited number of canals can be observed from our
experiments, this conclusion does not have statistical meaning
and serves only as a preliminary one.

The lift of dI/dV by the canals makes them observable in the
dI/dV mapping at zero bias (Figure 3a). Canals have the nearly
constant width of about 15 nm which is much larger than £ &
3 nm (Supplementary Figure S6). In FeSe, the effective length
of low-energy quasiparticle excitations by the twin boundary is
also 1 order of magnitude larger than &' which is similar to
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Figure 3. Vortices pinned by canals and in the canal-free region. (a—g) Differential conductance mappings measured in the same area of Figure 2a
at zero bias and under different magnetic fields (V,,, = 20 mV, I, = 200 pA). Canals show up due to the lift of the zero-bias differential
conductance. In the presence of the magnetic field, vortices appear in the FOV as shown in (b—g). Red dots indicate the positions of vortices
staying away from the canals, while yellow dots indicate the positions of vortices pinned by the canals. Nearest neighbor dots of the same family are
connected by solid lines from which we can obtain the intervortex distance. (h) Magnetic field dependence of the averaged intervortex distance for
vortices pinned by canals or in the normal region far away from canals in the FOV. Error bars are calculated from the standard error of the mean.
The black line shows the field dependent lattice constant calculated for an ordered hexagonal vortex lattice based on the formula a, = (4/ 3)VH D,/
B)'? with @, being the quantized magnetic flux.
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the case of canals here. Besides canals, we can see some finite
LDOS of the bound state induced by impurities in the canal-
free region. Figure 3b—g shows dI/dV mappings at zero bias
and under different fields. In the canal-free region, the
distribution of vortices is very disordered, which suggests a
strong pinning effect by local impurities. In addition, vortices
intend to locate in canals due to the pinning effect, and these
vortex cores behave as bright spots in canals which are already
brighter than the surrounding canal-free area. The vortex
pinning effect by canals is similar to that by twin boundaries
which also suppress superconductivity in FeSe.*”** In the Ni-
doped K12442 sample, the pinned vortex cores in a canal form
a bamboo-like 1D vortex chain. By taking a close look, vortex
cores are elongated roughly along the perpendicular direction
of the canals, and the elongating direction tilts a bit to the b-
axis of the surface lattice. Due to the pinning effect by the
canals, the averaged intervortex distance decreases evidently
when compared to that for vortices in the canal-free region
(Figure 3h). Although vortices are disordered in canal-free
areas, the averaged intervortex distance is close to the
calculated lattice constant for the standard hexagonal vortex
lattice, especially under high fields. Under low fields, the
relatively smaller averaged intervortex distance may be due to
the strong pinning effect by the canals, and the amount of
vortex cores is small in the canal-free region. However, the
number of vortices counted in the FOV is quite close to the
theoretically expected value at the same magnetic field
(Supplementary Figure S7), which suggests that the pinned
vortices are also full ones, i.e,, each carrying one flux quantum.

Usually, the shape of the vortex core changes when it is
pinned by stripe-like pinning centers.”’ "***> In order to
investigate the detailed structure of the canal and pinned
vortex cores, we carry out the dI/dV mapping in a small region.
Figure 4a—c shows mappings measured at 0 T. Many parallel
standing waves can be seen along the direction of the canal.
They are not very clear at 0 meV because most of
quasiparticles are gapped. Figure 4d—f shows dI/dV mappings

Difference

&

4nS

fiiC

0m 0m 4nS —3kné-' 3nS

Figure 4. Vortex cores confined in the canal. (a—c) Differential
conductance mappings g(r,B = 0 T) measured at different biases (Vq,
=20 mV, I, = 200 pA). The yellow dashed lines in (a) mark the
boundaries of the canal. (d—f) Differential conductance mappings
g(r,B = 4 T) measured at different biases (V. = 20 mV, I, = 200
pA). (g—i) Difference mappings of Ag(r) = g(r,B=4T) — g(r,B =0
T).
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measured at 4 T, and bamboo-like vortex chains can be seen in
the canal accompanied by the stripe-like standing waves,
especially in Figure 4d,e. The diameter of these vortex cores is
about 26 & 6 nm in the direction along the canal; but it is
equal to w & 15 nm in the perpendicular direction to the canal.
In order to see the detailed structure of elongated vortex cores
more clearly, we subtract dI/dV mappings measured at 0 T
from those measured at 4 T in order to get difference
mappings (Figure 4g—i). The enhanced dI/dV at energies of 0
and —1 meV is from the VBS in the vortex core, while the
reduced dI/dV in the vortex core at —3 meV is due to the
suppression of the coherence peak to a relatively low value
under a magnetic field. One can see that the elongating
direction is not strictly along the perpendicular direction to the
canal but tilts a bit to the b-axis direction (Figure 4g).

In order to investigate the electronic structure of the parallel
standing waves, we show in Figure Sa a set of tunneling spectra
measured across the canal at 0 T. Friedel oscillations of LDOS
can be clearly seen at high energies above 1 meV. Here at +A
+3 meV, LDOS and its spatial oscillation reach their
maxima. We also plot the spatial evolution of dI/dV at +3 meV
in Figure Sc, and the obtained spatial periodicity (1) is ~2.1
nm. This value corresponds to a wave vector of about 0.307/a,
which is larger than the scattering wave vector of 2k ~ 0.197/
a, in the canalfree region (Supplementary Figure S2).
Therefore, canals do modify the electronic structure of the
material. A canal can be regarded as the combination of two
1D defects on the canal boundaries, and one-direction standing
waves® form in the region within the canal. The amplitude of
Friedel oscillations keeps a similar amplitude for the central
four peaks, and then, it significantly decreases to zero near
canal boundaries. Therefore, the canal can form a quasi-1D
system of quasiparticles confined by two boundaries which
may be induced by the mismatch of the electronic structure of
neighboring materials. Nevertheless, Friedel oscillations are
almost particle—hole symmetric; i.e., dI/dV at +3 meV reaches
the local extremum almost at the same position (Figure Sc).

The bamboo-like vortex chain appears in the canal at B = 4
T, and the standing waves become clearer within the elongated
vortex core at energies near the VBS. Peaks of the VBSs can be
seen at about +1.5 meV on some spectra (Figure Sb), and the
peak intensity of the VBS also has a spatial oscillation.
However, such an oscillation is absent in a set of spectra
measured across a vortex core in the canal-free area
(Supplementary Figure S8). In addition, being different from
the spatial evolution of the coherence-peak intensity at zero
field, the peak intensity of the VBS at positive or negative
energies reaches the local maximum at different positions. This
phenomenon is clearer in spatial evolutions of dI/dV measured
at +1.5 meV (Figure 5d), and it also induces the spatial sign
change of the difference mapping Ag(r|El) = g(r,+E) — g(r,—
E) across the vortex core in the elongated direction (Figure Sf,
Supplementary Figure S9), but this sign change cannot be
observed in the difference mapping at 0 T (Figure Se,
Supplementary Figure S9).

The shape of a vortex core can be affected by the structure of
the superconducting gap,”” and the vortex core can show an
anisotropic feature when the gap or the Fermi surface is
anisotropic.””**~** Being different from the nearly isotropic
shape of the vortex core in the canal-free region, the pinned
vortex cores are elongated in the direction roughly
perpendicular to the canal. It should be noted that the canal
is only confined within two boundaries, and there seems no
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restriction for ending points along the direction of the canal.
Therefore, vortex cores have the intrinsic size of 2§ & 6 nm in
the direction along the canal, but they have a diameter limited
by the canal width wA1S nm in the direction perpendicular to
the canal. This shape can basically exclude the possibility that
the observed vortices are Josephson ones.*”™* Besides, the
vortex core can also be regarded as a confined system, and the
confined range is extended to w in the perpendicular direction.
The increment of ¢ in this direction can be simply understood
as the increase of ki (or the Fermi vector vg) and decrease of A
based on the formula & = Aivg/mwA. However, it remains to be
understood why pinned vortices are elongated along the
perpendicular direction of the canals.

The other interesting property of the pinned vortex core is
that unidirectional Friedel oscillations change the phase and
show particle—hole asymmetry within the vortex core. The
spatial shift is about (0.32 # 0.12)A based on Figure Sd. The
spatially periodic variation of the particle—hole asymmetry is
different from the axial electron—hole asymmetry of the vortex
core due to its coupling to nearby magnetic impurities.46 It
should be noted that the discrete VBS is observed in both Ni-
doped and undoped'' samples, because Ep is small, and
therefore, the quantum limit is satisfied in this family of
materials. Based on the theoretical calculation,'? although
energies of the VBSs are symmetric to the zero energy, Friedel
oscillations have very different spatially dependent behaviors
for the VBSs with the same lul at positive and negative
energies. For example, when a superconducting gap opens in
an electron pocket, the maximum amplitude of the LDOS at
E, )/, just appears at the core center, while that at E_, ,, appears
at a distance away from the core center (Supplementary Figure
S10). The oscillations of the LDOS are almost antiphase for
spatial evolutions of the LDOS at E,, ;. Therefore, such
particle—hole asymmetry affects the phase of Friedel
oscillations in the vortex core pinned by the canal.

To summarize, we have investigated vortex bound states in
KCa,(Feg9sNig s)4As,F, by STM/STS. Some band-like canals
are observed on the cleaved surface without any obvious
change of the atomic lattice. The superconductivity is clearly
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suppressed in some canals when their directions are close to
the main axes of the surface lattice or the Fe—Fe direction in
the FeAs layer. Standing waves can be observed parallel to the
canal boundaries. Under a magnetic field, vortices can be
pinned by these canals forming bamboo-like 1D vortex chains.
The core size of a pinned vortex is extended from about 2 = 6
nm to the canal width of about 15 nm in the direction roughly
perpendicular to the canal. Furthermore, Friedel oscillations
become out-of-phase at energies of VBSs in the positive and
negative side while it is in-phase for the oscillations at zero
field. Our results provide important information on the
complex interaction between electronic states of quasiparticles
confined by a vortex core and those confined within the quasi-
1D canal.

B METHODS

The Ni-doped KCa,Fe,As,F, single crystals used in this work
were grown by the self-flux method.'” Ni atoms are doped to
the superconducting FeAs layer (Supplementary Figure 1a).
The nominal doping level is x = 0.05 in KCa,(Fe,_,Ni,),As,F,,
and T is suppressed to 28 K by the Ni doping from 33.5 K in
the pristine sample (Supplementary Figure 1b). STM/STS
measurements were carried out in a scanning tunneling
microscope (USM-1300, Unisoku Co., Ltd.). Ni-doped
samples were cleaved at about 77 K in an ultrahigh vacuum
with the base pressure of about 1 X 107'° Torr, and then, they
were quickly transferred to the microscope head which was
kept at a low temperature. Ptlr tips were used for STM/STS
measurements. A typical lock-in technique was used in
tunneling spectrum measurements with an ac modulation of
0.1 mV and a frequency of 931.773 Hz. Voltage offsets were
carefully calibrated before STS measurements. All measure-
ments were carried out at 1.7 K.
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