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We report the observation of discrete bound states with the energy levels deviating from the widely
believed ratio of 1:3:5 in the vortices of an iron-based superconductor KCa,Fe,As,F, through scanning
tunneling microscopy (STM). Meanwhile Friedel oscillations of vortex bound states are also observed for
the first time in related vortices. By doing self-consistent calculations of Bogoliubov—de Gennes equations,
we find that at extreme quantum limit, the superconducting order parameter exhibits a Friedel-like
oscillation, which modifies the energy levels of the vortex bound states and explains why it deviates from
the ratio of 1:3:5. The observed Friedel oscillations of the bound states can also be roughly interpreted
by the theoretical calculations, however some features at high energies could not be explained. We attribute
this discrepancy to the high energy bound states with the influence of nearby impurities. Our combined
STM measurement and the self-consistent calculations illustrate a generalized feature of vortex bound

states in type-II superconductors.
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For a vortex in a type-II superconductor, it is generally
understood that the quantized magnetic flux of &) =
h/2e = 2.07 x 10> Wb distributes in the region with
the radius of penetration depth A; while the order parameter
y ramps up from zero at the core center to the full value y,
in the scale characterized by the coherence length &,. The
vortex core region which has some features of the normal
state can be regarded as a kind of quantum well surrounded
by the gapped superconducting region, and the vortex
bound states (VBS) can appear in clean superconductors
based on the solutions to the Bogoliubov—de Gennes (BdG)
equations [1-3]. An early simplified analytic solution to the
BdG equations indicates that the discrete energy levels of
the bound states should appear [1] at E,, = +uA?/Ep, and
it was argued later that u = 1/2,3/2,5/2, ... [2], with A
the superconducting gap and Ej the Fermi energy. Later
on, the quantized VBS were predicted based on the self-
consistent calculations of the BdG equations [4,5], which
also yields the spatial dependence of the superconducting
gap A(r) « tanh(r/&y); here, & = hvp/Ay with vy the
Fermi velocity and A the superconducting gap at 7 = 0. In
most superconductors, we have Er > A, which is the basic
requirement of the BCS theory in the weak coupling limit.
Therefore, the energy spacing for neighboring bound states
A?/Ey is too small to be discernible; what was shown by
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experimental observations is that a particle-hole symmetric
VBS peak (assembled by many crowded bound states)
locates at zero energy and then it splits and fans out when
moving away from the vortex center [4-8].

The discrete bound states can be however distinguished
when the thermal smearing energy is smaller than the
energy spacing of VBS [9], i.e., in the quantum limit of
T/T.<A/Ep or T/T. < 1/(kg&y) with T, the critical
temperature and kj the Fermi wave vector. This can be
achieved in superconductors with a relatively large value of
A/Ep. Furthermore, under the extreme quantum limit
(EQL), T/T. < A/E, it was shown that the A(r) should
exhibit an oscillatory spatial variation with a period of
about 7/kr on top of a monotonic variation behavior of
tanh(r/&y) [9], and meanwhile Friedel oscillations of the
charge profile which is related to the local density of states
(LDOS) were predicted [9-11]. Experimentally, some
traces of discrete VBS were reported as an asymmetric
peak or two close peaks near zero-bias measured in vortex
centers of cuprates [12], YNi,B,C [13], and some iron-
based superconductors [14—18]. It was claimed later that
the two close peaks in YBa,Cu;O;_s are not the VBS
[19,20]. Recently, discrete VBS were clearly observed in
vortices measured in FeTe(ssSeq 45 with the peak-energy
ratio near 1:3:5 [21]. Clear discrete bound state peaks
were also observed in the FeSe monolayer [22], and they
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were observed coexisting with the possible Majorana zero
mode in FeTejssSep4s [23], (LiggsFeg 1) OHFeSe [24],
and KCaFe As,; [25]. Some preliminary signatures of
Friedel oscillations of the bound states were also reported
around vortices in some iron based superconductors
[15,18,21], these were discussed as the consequence of
VBS in the quantum limit.

In this Letter, we present scanning tunneling micros-
copy-spectroscopy (STM-STS) results of the VBS in
KCa,Fe As,F,. Clear discrete VBS are observed with
energy ratio deviating from the expected 1:3:5, and
Friedel oscillations are also observed in some vortices as
the VBS under EQL. We also observe some Friedel
oscillations surrounding the vortex center at energies near
the superconducting gap, which cannot be explained by the
theory in the clean limit. Combining with the theoretical
calculations, we conclude that the explicit evidence of the
behaviors for the VBS under EQL have been found.

KCa,Fe As,F, (K12442) is a newly found iron based
superconductor with 7,=33.5K [26]. Several Fermi sur-
faces with multiple and nodeless gaps were observed by
the angle-resolved photoemission spectroscopy (ARPES)
[27], and some of the bands are very shallow. It is found
that the dominant contribution of density of states arises
from the shallow a pocket based on STM/STS measure-
ments [28,29]. Hence, the VBS should be interesting in this
multiple and shallow band superconductor. Details of
sample preparation and STM/STS measurements are given
in Supplementary Materials [29]. Temperature is 0.4 K for
all STM/STS measurements.

Figure 1(a) shows a typical topography which is com-
monly obtained on the cleaved surface of K12442 [28].
The flat area is the v/2 x /2 reconstructed surface by half
amount of K or Ca atoms of the related layer after the
cleavage [28], and a typical atomically resolved topography
is shown in Fig. 1(b). There are many hollows with
different sizes on the surface which may be the assembled
vacancies [28]. However, the tunneling spectra measured in
this kind of area show very homogeneous feature with
coherence peak energies at about 4.3 + 0.2 meV, and
Fig. 1(c) shows a set of tunneling spectra as an example.
These spectra are measured along the arrowed line in
Fig. 1(a), and the black hollows have very little influence on
the superconducting gap feature [28]. Then we try to image
vortices in the region with topography shown in Fig. 1(d)
under the magnetic field of 2 T, and Figs. 1(e)-1(m) show
vortex images by the spatially resolved differential con-
ductance (dI/dV). Although the scanning area is not big
enough to see many vortices, one can still see that vortices
are randomly but almost equidistantly distributed. The
expected hexagonal or square vortex lattice do not show
up in the mapping area [29], which suggests that the
vortex pinning may be strong in the sample. In Fig. 1(e), we
show an image of differential conductance measured at
E = 0 meV. We can calculate the core size &, based on

(b) §

0 mm—4

9(nS)
——E=2.0meV
—e—E=28meV
—e—E=32meV

diidV (nS)
N w

0,
-10 10

7 Y 0
0 mm—4 -15  -10 10 15

S5 0 5
Bles (mV) g(ns) -5Distar?ce (nmf;
FIG. 1. (a) Topographic image measured in KCa,Fe As,F,.
(b) Atomically resolved topography measured in another flat area
near the region shown in (a). (c) A set of tunneling spectra
measured under yoH = 0 T and along the arrowed line in (a); the
spectra plotted in black are measured in hollows. (d) Topographic
image of an area near the region shown in (a). (e)-(m) Vortex
images acquired at different biases and under ugH = 2 T; the
mapping area is the same as the one shown in (d). The yellow
arrows in (f) and (g) indicate clear Friedel-like oscillations
surrounding some vortex cores. (n) Spatial dependence of the
differential conductance along the dashed line in (f)-(h) and
across one vortex.

these mappings [29]. With increase of the bias voltage,
the vortex pattern changes from a bright spot to a bright
ring, and the diameter of the bright ring increases even to
about 18 nm at E = 3.6 meV [Fig. 1(i)]. Such bright
rings are explained as the spatial evolution of the VBS
at finite energies [15,23,25]. In addition, Friedel-like
oscillations can be observed from the line cut across a
vortex [Fig. 1(n)]. When the energy exceeds A ~ 4.3 meV,
the structure of the bright ring disappears, with only the
dark-disc feature left in the vortex core. However, being
different from the structureless dark disc observed in
superconducting Bi,Tes;/FeTe(s5Sep4s heterostructures
[51], the dark disc here shows some internal structure in
vortex images mapped at energies near A in K12442
[Figs. 1G)-1(D)].

The mapping of a single vortex is carried out under a
small magnetic field of 0.2 T in order to minimize the
vortex-vortex interaction. Figure 2 shows vortex images
and tunneling spectra measured in two typical vortices
without [vortex 1, Fig. 2(b)] and with [vortex 2, Fig. 2(f)]
spatial oscillations in dark disc regions at £ = +3.8 meV.
Tunneling spectra measured close to the centers of the two
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FIG. 2. (a),(b),(e),(f) Vortex images measured at different
energies and under ugH = 0.2 T. (c),(g) Tunneling spectra
measured close to vortex core centers in (b) and (f), respectively.
(d),(h) The line profiles of tunneling spectra across vortex centers
for vortex 1 and 2, respectively. Friedel oscillations can be
observed in the dark-disc region of vortex 2 at +3.8 meV (f), but
they are absent in vortex 1 (b). The vortex core center is
determined by the geometric center of the dark disc in (b),(f)
at +3.8 meV. The yellow dashed lines in (d) and (h) mark the
vortex-core center with the same position in (a),(b) and (e),(f),
respectively.

selected vortices show clear in-gap bound states [Figs. 2(c)
and 2(g)]. The energies of bound state peaks are almost
spatial independent. The higher order bound state with
larger peak energy shows up when the location is far away
from the vortex center [Figs. 2(d) and 2(h)]. These features
are consistent with the expectation of VBS in EQL.
In addition, two sets of bright rings with weakened
brightness can be clearly seen outside the bright ring in
vortex 1 [Fig. 2(a)], and such structures can also been seen
around the vortices as indicated by arrows in Figs. 1(f)
and 1(g). This kind of Friedel oscillations is consistent with
the theoretical prediction that the peak amplitude for a
selected bound state will show spatial oscillations in EQL
[9,13]. Here, the bound-state energies are about 0.8, 1.3,
1.8, and 2.2 meV for vortex 1 [Fig. 2(c)], and they are about
0.9, 2.1, and 2.8 meV for vortex 2 [Fig. 2(g)]. Therefore,
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FIG. 3. (a),(b) Spatial variations of the bound-state energy

derived from the tunneling spectra shown in Figs. 2(d) and 2(h)
for vortex 1 and vortex 2, respectively. Peaks with similar
energies are indexed by the same order of the VBS. The black
filled symbols represent the peak positions at high energies. The
high-energy peak may consist of assembled bound states of
several energy levels because the level spacing of the bound states
is very small at high energies. (c),(d) Averaged bound-state
energy derived from experiments (solid symbols), and theoretical
results (open symbols) of bound state energy calculated under
and not under EQL.

the corresponding ratio of bound state energies is
1:1.6:2.3:2.8 and 1:2.3:3.1 for vortex 1 and 2, respec-
tively; the values for each vortex are deviating from the
ratio of E1/21E3/2:E5/2 =1:3:5[2].

Since there are many orders of VBS in line profiles of
tunneling spectra across vortex centers shown in Figs. 2(d)
and 2(h), the peak energies of these bound states can be
extracted and they are plotted in Figs. 3(a) and 3(b). By
ascribing the bound state peaks with similar energies to the
same order of the VBS, we can derive averaged values of
bound state energies and show them in Figs. 3(c) and 3(d)
for the two selected vortices. Obviously, the averaged
bound-state energy is deviating from the theoretical rela-
tionship of £, = uA?/Ep. It should be noted that the bound
state energy does not have to follow this relation at extreme
low temperatures, namely, in EQL of 7/T . << A/Ep, when
there are some oscillations in A(r) which makes the bound-
state energy deviate from the linear relation E, = UA?/Ep
[9]. In order to have a comprehensive understanding, we do
self-consistent calculations [50] of BdG equations based on
the routes in previous reports [4,9]. The deviation of the
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bound state energy ratio from 1:3:5 occurs simultaneously
with the spatial oscillation of A(r) in EQL, and the ratio is
closer to 1:2:3 instead of 1:3:5 at extremely low temper-
atures [29,50]. One can see in Figs. 3(c) and 3(d) that the
theoretical curves of E, match our experimental data well
with different values of k&, at T/T, = 0.01. Here kj is
taken as 0.1 A~! [28,29]. It should be noted that &, /&) ~
(kp&y)~' in quantum limit [9], so here &, used in our
calculations is much larger than the core size &, deter-
mined from the experiments. Detailed discussions of
the vortex core size are presented in the Supplemental
Material [29].

Based on self-consistent calculations of BAG equations,
the line profile of LDOS across a vortex core under EQL is
shown in Fig. 4(a). The result clearly shows discrete bound
state peaks and spatial oscillations of LDOS. These Friedel
oscillations can be clearly seen at fixed energies, two
typical examples are given in Fig. 4(b) for different
energies. For the low energy one at E = 0.48A, the first-
order oscillation appears at a small distance away from the
center, which is followed by several sets of oscillations with
decaying intensities. The two-dimensional mapping of the
calculated LDOS for this energy is plotted as an inset
to Fig. 4(b). This calculation result is roughly consistent
with the experimental observations as shown in Figs. 2(a)
and 2(e) for both vortex 1 and vortex 2. At a high energy of
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FIG. 4. (a) Line profile of local DOS across a vortex core from

theoretical calculations under EQL (T/T. = 0.01, kz&, = 6).
(b) Theoretical results of the spatial variation of LDOS at two
selected energies. The inset shows the two-dimensional color plot
of the LDOS of a vortex core calculated at £ = 0.48A. (¢) Three-
dimensional plot of the partial of tunneling spectra shown in
Fig. 2(h). (d) Experimental results of the spatial variation of
differential conductance measured across two vortex cores along
the blue and red arrowed line in Figs. 2(a),2(b) and 2(e),2(f),
respectively.

E = 0.8A, the calculated LDOS will be expelled from the
core region close to the center, and the first-order oscil-
lation appears at a distance of about 7-8 nm away from the
center. And the higher orders of oscillations appear outside
the first-order ring with decaying intensities when moving
outside. Figure 4(c) shows a three-dimensional plot of the
measured LDOS for vortex 2 in the positive half space,
which mimics the calculation result in Fig. 4(a). The
measured differential conductance at roughly similar cor-
responding energies are presented in Fig. 4(d). One can see
that for vortex 1 at E = 3.8 meV, the intensity of LDOS is
indeed strongly suppressed in the core region and a weak
first-order oscillation appears at a distance away from the
center. Thus we can conclude that the experimental data are
roughly consistent with calculation results for vortex 1, and
also for vortex 2 at a low energy, see open symbols and
filled blue circles in Fig. 4(d), respectively. But the situation
at a high energy seems to be different for vortex 2 in which
the Friedel oscillations can be seen very close to the vortex
center (now E = +3.8 meV), see Fig. 2(f) and the purple
filled circles in Fig. 4(d). In addition, the lower-order
bound-state peaks (E.3,, and E.s;) also have spatial
oscillations as marked by the red circle in Fig. 4(c). But
interestingly, even with these different features in vortex 1
and 2, the oscillation periodicity seems to be similar to each
other. Since Friedel oscillations should have the periodicity
[9] of about n/kp, we just calculate its value no matter
where the Friedel oscillations locate in these two vortices.
The obtained period of z/kf is about 3.6 nm for vortex 1
and 3.0 nm for vortex 2.

In the vortices measured on the K12442 sample, discrete
VBS are observed with the energy levels deviating from the
ratio of 1:3:5. This is due to a relatively high 7. and large
value of A/Ef, which makes the EQL condition T/T, <
A/Ey easily satistied. The Friedel oscillation can be clearly
seen around the vortices also because EQL is satisfied in
this clean superconductor. The smaller kr or k&, makes
the relation of £, more deviating from the linear relation of
E, = uA?/Ep although the quantum limit condition
T/T. < A/Ep is satisfied [10]. In K12442, the dominant
scattering is the intra-band scattering of the hole-like a
pocket which has a small kz [28,29]. As mentioned above,
the feature of VBS in vortex 2 at a high energy is not
compatible with current theoretical calculations. In Fig. 4(d),
one can see that the background differential conductance
at the vortex center is much higher for vortex 2 when
compared with vortex 1. A reasonable explanation is that
the impurity scattering is strong in the core area of vortex 2,
which will result in more complexity in the calculation to the
BdG equations. Thus we believe that the discrepancy
between the features of vortex 2 at a high energy and the
related theoretical calculations is induced by the effect of
impurities in the core region, which modifies the total
Hamiltonian involved in the calculations. Unfortunately,
theoretical considerations on the VBS due to both the vortex
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confinement and the impurity effect are still lacking and thus
highly desired. Our results of the bound state energies
deviating from the ratio of 1:3:5 and the observations of
the Friedel oscillations clearly illustrate the validity of the
BdG equations when the EQL condition is satisfied.

In conclusion, we have observed discrete vortex
bound states with energies deviating from 1:3:5 in
KCa,Fe,As,F,. Friedel oscillations of the vortex bound
states are also observed in this clean superconductor. These
two unique features are consistent with our self-consistent
calculations on the BdG equations under the extreme
quantum limit. However, in some vortices at energies close
to the gap, we observe the Friedel oscillations starting from
the vortex core center, this cannot be explained by the
theoretical calculations. We attribute this discrepancy to the
cooperative effect by both the vortex confinement and
impurity scattering. Our results inspire a more complete
theoretical treatment to include also the impurity scattering
when solving the BdG equations, and should shed new
light on a generalized understanding on the vortex core
state in type-II superconductors.
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