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Magnetic field is expelled from a superconductor, unless it forms quantum
vortices, consisting of a core singularity with current circulating around it. The
London’s quantization condition implies that there is one core singularity per
quantum of magnetic flux in single-component superconductors, while in
multiband materials fractional vortices are possible. Here, we report the first
observation of quantum vortex core fractionalization on the potassium terminated
surface of multiband superconductor KFe;As; by scanning tunneling microscopy.
We observe splitting of an integer-flux vortex into several fractional vortices,
leading to disparity between numbers of flux quanta and vortex cores. Our
findings demonstrate that fractionalized core singularities are possible in a
multiband superconductor, opening avenue for new experimental platforms with
quasiparticles with fractional statistics.

The fundamental characteristic of superconductors is their ability to expel magnetic
fields, a phenomenon known as the Meissner effect (/). However, magnetic field can
penetrate superconductors if they form topological defects: quantum vortices. In type-
IT superconductors, purely repulsive vortex—vortex interaction leads to the formation of
the Abrikosov lattice at magnetic fields above the first critical field (2). These quantum
vortices manifest as line defects in three dimensions (3D) or point defects in two
dimensions (2D), where the phase of the superconducting order parameter undergoes a
winding of 2x or its integer multiple. Consequently, each quantum vortex carries a
quantized magnetic flux of @y = h/2e (Fig. 1A) (3, 4). The phase winding, responsible
for flux quantization produces also a singularity: the so-called vortex core (5). This
singularity is robust and mobile, hence a vortex is often referred as a particle-like
topological soliton. Adding to particle-vortex duality, the lattice of singularities can
melt forming vortex liquid. Given that, the quantization was considered as a
fundamental principle of quantum fluids, the inquiry of possible existence of
topological defects carrying a fractional portion of the flux quantum attracted
significant research interests. Stationary objects carrying half of magnetic flux quantum
were observed at grain boundaries of d-wave superconductors (6—8), small rings of
SroRuO4 (9), and B-BixPd (/0) that were interpreted as a suggestion of possible
existence of half-quantum vortices in these materials and hence unconventional pairing
symmetries. However, numerous attempts to create and observe an actual half-quantum
vortex, a mobile object with a core singularity in such systems, were not successful,
despite significant motivation due to their potential applicability in topological quantum
computing (/7-13).

From the viewpoint of standard Ginzburg-Landau theory, the order parameter phase
and its winding account for collective description of the entire electronic system,
irrespective of microscopic detail, such as composition of band structure. The discovery
of multiband superconductors has significantly enriched the field of superconductivity
research. Due to the multiband nature of these materials, it is possible for electrons or
holes in each Fermi surface to form a superconducting condensate, with interactions



occurring between them as a result of electron or hole hopping between different bands.
In multiband superconductors, vorticity (and consequently core singularity) can be
supported in only one band. This introduces multiple phase fields in different bands,
allowing for a phase that can be attributed to and have a winding in an individual band.
Consequently, a vortex in such a system becomes “unquantized”, meaning it can carry
an arbitrary fraction of magnetic flux (/4). The property of carrying an arbitrary fraction
of the flux quantum and electrons in their cores allows these objects to be described
using fractional statistics arguments (/J5), thus identifying them as anyons.

However, creation of fractional vortices in superconductors is nontrivial. Vortices in
different components are attracted to each other due to their coupling to the same vector
potential field and direct interband coupling. Consequently, in the ground state,
fractional vortices in different condensates coalesce to form a “composite vortex”
characterized by a single core singularity with the standard integer quantum flux @,.
Recently, mobile vortices carrying a fraction of magnetic flux quantum were reported
in magnetometry experiments on hole-doped Bai.K«Fe2As> (x = 0.77) (16). However,
despite of numerous spectroscopic studies of multiband superconductors, the
fractionalization of vortex core singularities has not been observed. Here, for the first
time, we demonstrate the splitting of single core singularities into fractional
singularities on the potassium-terminated surface of the iron arsenide superconductor
KFe»As;. We associate this dissociation phenomenon to the s + is superconducting
state with broken time-reversal symmetry (BTRS) (/7, 18) and provide the
spectroscopic characteristics of these fractional vortices.

Topographic characterization of K-terminated surface

KFe2Asy, as a stoichiometric end member within the hole-doped 122-type iron
arsenides, exhibits a tetragonal crystalline structure (/4/ mmm), where layers of Fe;As:
are interleaved by layers of potassium (K) atoms. These K atoms serve as electron
donors, furnishing an equal contribution of electrons to the neighboring Fe;As: layers
(Fig. 1B). The K- and arsenic (As)-terminated surfaces are predisposed to exposure
owing to the weaker interlayer bonding between K and As layers. We focus our study
on the K-terminated surface, as variation in the quantity of retained K atoms on the
cleavage plane may impart unique properties that differ from those observed in the bulk
states. Two types of ordered surface structures can be distinguished for the K-
terminated surface (Fig. 1C). An atomically resolved topographic image of the K-
terminated surface (Fig. 1D) taken from the blue region in Fig. 1C shows the most
commonly observed reconstruction (/9). The observed lattice constants exhibit a

V2 x /2 expansion relative to the uncleaved K plane, with lattice directions aligning

along the Fe-Fe directions, as indicated by the white arrows. We designate this
reconstruction as “rt2”. The second termination in Fig. 1C (red region) shows an
identical 1 X 1 lattice symmetry as the K layers in the bulk. On this basis, we
designate this termination as the unreconstructed K- terminated surface, or as "1 X 1"
in the remaining context. Shown in Fig. 1F, the differential conductance dZ/dV spectrum
taken from the “rt2” surface is more consistent with the bulk properties: there is a van



Hove singularity (vHs) peak at -7 meV, which stems from the saddle points located in
the middle of the principal axes of the first Brillouin zone (/9). In contrast, the tunneling
spectrum from "1 X 1" surface differs significantly from that of the “rt2” surface. The
characteristic peak observed at +66 meV resembles the hump in the d//dV spectrum at
+33 meV of LiFeAs, which was attributed to the band top of the outermost d., orbital
(20). Moreover, it is noteworthy that the two types of terminations in Fig. 1C indeed
form from the same layer of K atoms. The apparent height difference (~ 3 A) between
the two terminations originates from the convolution between the integrated local
density of states and spatial corrugations within the constant current topographic image
(See Fig. S1 for more data and discussions).

The “rt2” reconstruction involves the removal of half of the K atoms in the region to
maintain charge neutrality, thus preserving an equivalent doping level on the cleaved
surface as compared to the bulk material. Conversely, the “1 x 1” termination exhibits
an excess of 50% K atoms. Quasiparticle interference (QPI) measurements conducted
on these two terminations reveal a downward shift of the hole band by ~10 meV, thus
confirming the significant electron doping effects (See Fig. S2 for more data). This
provides us with a stoichiometric platform to investigate 122-type iron arsenides in
heavily hole-doped regime.

Enhanced superconductivity and vortex bound states (VBS)

The surface electron doping effect significantly impacts the material properties within
the proximal layers of the surfaces, resulting in deviations from those of KFe>As; and
making them more reminiscent of heavily hole-doped 122-type iron arsenides. The
large energy-scale d//dV spectrum measured on the “1 x 1” surface resembles that
obtained from the Ba/K surface of Bai.xK«Fe2Asz (x = 0.77), which attracts strong
interest due to experimental observations of BTRS (2/-23). Both display a d7/dV peak
at comparable positive energy values (Fig. 2A). According to the phase diagram of 122-
type superconductor Bai.xK«Fe2As: (24), electron doping of KFezAs; is expected to
enhance superconductivity. Unlike the spectrum measured on “rt2” surface (/9), that
of the “1 x 1” surface yields superconducting coherence peaks at +3.1 meV (Fig. 2B)
and depleted density of states (DOS) around the zero energy as a result of
superconducting state formation. Temperature dependent d//dV measurements reveal
that the superconducting gap closes at ~16 K (Fig. 2B), nearly five times of the
superconducting transition temperature of KFe»Asy (7c ~ 3 K). Further density
functional theory (DFT) calculations (Fig. S3) confirm that the doping level of the
proximal layers of the “1 x 1” surface closely resembles that of Ba;xKiFexAs; (x =
0.77), consistent with a simple counting for the top layer x = (2+1)/2/2 = 0.75.

In addition to enhanced superconductivity, the “1 x 1” surface also exhibits other
distinct properties from the bulk materials. To demonstrate this, we performed zero-
bias conductance (ZBC) map measurements on the “1 x 17 surface at a temperature of
300 mK with an external magnetic field of 3 T applied along the crystal c-axis, which
exceeds the upper critical field of KFe2Asz (25). Like LiFeAs (26), the ZBC map around
a vortex displays a star-like shape (Fig. 2C), but whose tails are along the Fe-Fe
directions. We performed d//dV measurements along the Fe-Fe and As-As directions



across a vortex core (Fig. 2D), and the results are shown in Figs. 2E to H. Along the
As-As direction, the pronounced spectral feature is a pair of dispersive VBS at non-
zero energies (Figs. 2E and G). Owing to the high resolution of our data, two additional
dispersive VBS at non-zero energies can be distinguished along the Fe-Fe direction
(Figs. 2F and H). The extracted energy positions of the VBS are shown as solid circles.
Through analysis, we can attribute the outer dispersive VBS and inner dispersive VBS
along the Fe-Fe direction to the inner dx, band and outer dy, band respectively (See SM
for more discussion).

Quantum vortex splitting and fractional vortices

As discussed above, the doping level of the proximal layers of the “1 x 1 surface
closely resembles that of BaixKxFe:Asz (x = 0.77). This provides an opportunity to
study the quantum vortex fractionalization on this new two-dimensional stoichiometric
platform in the vicinity of this magic doping. In multiband superconductor, if each
superconducting component produces a nonoverlapping core singularity, electronic
fingerprints indicative of quantum vortex fractionalization is expected on the “1 X 17
surface using STM.

To search for the spectroscopic evidence of fractional vortices, we measured
temperature dependent ZBC maps at the same field of view with an external magnetic
field of 2 T, and the results are shown in Fig. 3A. At 1.8 K, nearly all vortices maintain
a star-like shape. As temperature increases (2.5-3 K), some still retain a star-like shape
while others start to deform. Further increasing the temperature to 3.5 K, some ordinary
vortices, marked by red dashed ellipses in Fig. 3A, undergo a splitting process, leading
to extra signals clearly present in their vicinity. Further increasing the temperature to
4.2 K, it becomes even clearer that each of few ordinary vortices (marked by the red
dashed ellipses) splits into two or three anomalous vortices, with their DOS at the vortex
center significantly weaker than those of ordinary vortices. Figures 3B to D illustrate
the temperature evolution of zoomed-in ZBC maps around vortex cores #N1, #F4, and
#F6 in Fig. 3A. The spatial dependence of the ZBC intensity along the red arrow lines
crossing the vortex cores (Fig. 3E) clearly illustrates the splitting of the magnetic flux
vortices. The red dashed lines mark the positions of the vortex cores (See Fig. S4 for
more splitting vortices). It is evident that some vortices, such as #N1, remain as isolated
one-quanta vortices, while others, such as #F4 and #F6, undergo splitting with
increasing temperature, forming multiple anomalous vortices.

Given the total magnetic flux @ through the sample, one can calculate the expected
number of vortices N = @/®¢ by assuming standard situation where a vortex carries a
quantum of magnetic flux. As plotted in Fig. 3F, we performed a statistical comparison
between the expected number of vortices and the number of experimentally observed
vortices within a (365 x 375) nm? area, as a function of magnetic field strength (See
Fig. S5 and Table S1 for more data), with the imaged area carefully corrected according
to the locations of defects. At 300 mK (left part of Fig. 3F), the expected number of
vortices closely matches with the number of experimentally observed vortices on the
“1 x 1” surface (indicated by purple markers). However, at 4.2 K (right part of Fig. 3F),
the number of experimentally observed vortices significantly exceeds the expected



number. We note that a similar increase of vortex number has been noticed in a previous
work (27, 28). Furthermore, the number of normal vortices is lower than the expected
number. The ratio of the number of anomalous vortices to the discrepancy between
expected number and observed number of normal vortices falls within the range of 2 to
3, consistent with the evolutionary trend of vortex splitting. This indicates that the
anomalous vortices observed here are fractional vortices formed from the splitting of
normal vortices. In Fig. 3F, the right-hand axis displays the average magnetic flux
associated with anomalous vortices. Under this condition, the anomalous vortex
exhibits a fractional magnetic flux. Our observation of the coexistence of various types
of vortex cores aligns with previous findings of coexisting integer-flux and fractional-
flux vortices in superconducting quantum interference device (SQUID) magnetometry
studies of hole-doped BaixKxFexAsz (x = 0.77) (16).

Another alternative explanation for anomalous number of vortex cores without
violation of flux quantization would be spontaneous formation of vortex-antivortex
pairs. Hence it is important to obtain direct spectroscopic evidence for the presence of
fractional vortices. We obtain that evidence bas in the fact that at the core of a fractional
vortex, some components of the superconducting order parameters vanish, while the
other components can remain approximately the same as those away from the core (/4).
Consequently, compared to normal vortices, in fractional vortices, VBS intensity is
expected to be weaker and superconducting coherence peaks are stronger. Figure 3G
shows the line-cut d//dV intensity plots across the normal vortex #N2 and anomalous
vortex #F6 at 4.2 K. The VBS of the normal vortex at 4.2 K resemble those at low
temperatures (Fig. 2D), albeit with decreased energy resolution as a result of
temperature increase. However, the anomalous vortex exhibits distinct characteristics,
notably a reduction in VBS intensity at the vortex core. Figure 3H shows the d//dV
spectra measured at the core centers of multiple normal and anomalous vortices. The
VBS intensities measured at the cores of normal vortices exceed those of anomalous
vortices. Furthermore, the superconducting coherence peaks at the cores of normal
vortices are smaller than those of anomalous vortices (See Fig. S6 for more data).

Discussion

To see how a fractional vortex is different from integer vortex, we preform theoretical
simulations of the spectroscopic characteristics of both the normal and fractional (or
splitted) vortices, with the corresponding calculated DOS at the zero energy as a
function of position maps displayed in Figs. 4A and B respectively. In Fig. 4C, the
calculated DOS linecuts along the As-As direction before and after vortex splitting are
consistent with the experimental results shown in Fig. 3G. Compared to fractional
vortices, the calculated DOS spectra at the cores of normal vortices exhibit stronger
VBS intensity but weaker superconducting coherence peaks (Fig. 4D). The predicted
spectroscopic characteristics of fractional vortices are therefore consistent with the
experimental results. Additionally, the self-consistent solutions of the Bogoliubov-de
Gennes model also qualitatively agree with the experimental observations (Figs. SSA-
C). The model, methodology, and details of the simulation are provided in the
Supplementary Material (SM).



We emphasize that in standard models of multiband superconductors, although the
phase winding numbers for superconducting condensates in different bands may differ,
potentially resulting in vortices carrying fractional quantum flux, nonetheless, a bound
state as a ""composite vortex" characterized by a single core singularity is energetically
favored in a large system due to generic intercomponent coupling by vector potential
(14) and interband Josephson coupling. As with other typical multiband iron-based
superconductors, we did not observe any similar phenomenon of vortex splitting on
LiFeAs with s pairing states (indicated by goldenrod markers in Fig. 3F and Fig. S51).
The surface electron doping effect in KFe2Asz makes the proximal layers of the surfaces
more similar to BaixKxFe2Asz (x = 0.77). The s + is superconducting state with
spontaneous BTRS has garnered theoretical (29, 30) and robust experimental (2/-23)
support in the vicinity of Bao23Ko.77Fe2Asz. This insight prompts us to consider the
possibility that time-reversal symmetry might be broken on the “1 x 1” surface. These
BTRS states break the U(1) x Z> symmetry. Domain wall excitations associated with
the breakdown of discrete Z, symmetry segregate regions of different broken states.
Pinned domain walls can help formation of fractional vortices: when an integer flux
vortex in an N-band superconductor is placed on the domain wall, Josephson
interactions energetically favor splitting an integer flux vortex into N fractional vortices,
each with independent spatially separated singularities in N bands. Such defects can
form aggerates characterized by a new topological index and called to as “chiral CP¥
skyrmions” (17, 18, 31). We observe that some integer vortices split into three
fractional vortices. Hence the number of fractional vortices in this system is larger than
the number of broken symmetries, hence indicating that the fractionalization is likely
associated with the phenomenon of vorticity in different bands rather the different
phenomenon of formation of half-quantum vortices possible in p-wave superconductors

(32).

In addition to the anomalous vortices observed in the ZBC maps, as illustrated in Fig.
S7, distinct chain features are prominently discernible. We highlight these features in
Fig. S7 for visual reference. The chain features exhibit a higher DOS at zero bias.
Moreover, the anomalous vortices align along these chain features. This observation is
consistent with the occurrence of CPY/ skyrmions in the form of fractional vortices
along domain walls. Self-consistent solutions of the Bogoliubov-de Gennes model is
consistent with the observation that the domain wall being uniformly decorated by
fractional vortices in an external field (see more details in Fig. S8). The emergence of
these chain features suggests the possible presence of BTRS superconducting states.
We also note that the two dimensionality of this s + is superconducting surface,
promoting fluctuation-induced closed domain walls, might facilitate the formation of
fractional vortices.

In Fig. 4E, we present the phase diagram of the “1 x 17 surface. At low temperatures,
although the “1 x 1” surface exhibits BTRS superconductivity with limited number of
domain walls, the formation of fractional vortices suppressed. Most vortices persist in
the form of integer flux vortices. As temperature gradually increases, thermal
fluctuations provide the necessary entropy leading to the splitting of integer flux
vortices, particularly those located at domain walls, into fractional vortices. When



temperature exceeds 7.V =

been stabilized and formed.

3 K, the fractionalization of vortex core singularities has all

Our work reports the first observation of fractionalization of the core of the quantum
vortex in a multiband superconductor, along with spectroscopic characteristics of the
resulting fractional vortices. We argue that time-reversal symmetry might be broken on
the “1x1” surface of KFe;Asz, which together with the two dimensionality facilitates
the splitting of the vortex core singularity. Crucially, we provide a general methodology
for revealing fractional vortices in superconductors using STM. The fractional vortices
might be resolved in some other iron-based superconductors, like Ba(Fe1xCox)2As2 (33,
34) and BaFe>.xNixAsz (35) by revisiting STM measurement with super-high spatial
resolution. The STM-based observation of fractional vortices is especially important
because these objects can obey fractional statistics by realizing electron-fractional-flux-
composite (/5). Our findings not only provide a new two-dimensional stoichiometric
platform for studying fractional vortices with mobile core singularity, that can be
utilized as a new fluxonics platform (36, 37), but also will stimulate intensive
exploration of the multiband nature and superconductivity with broken time-reversal
symmetry in iron-based superconductors.
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Fig. 1 Topographic characterization of K-terminated surface. (A) Schematic of
magnetic vortices carrying a quantized magnetic flux &, = h/2e. (B) Crystal
structure of KFexAs: (side view). K atoms act as electron donors, overall providing
equal numbers of electrons to the adjacent FeoAs: layers. (C) STM topographic image
of the K-terminated surface. The red and blue regions represent the “1 x 1” and “rt2”

(V2 x +/2) K-terminated surface respectively [(Vs, Is) = (80 mV, 100 pA), image size:

(72 x 72) nm?]. The observed height difference (~ 3 A) between the two termination
types stems from variances in the density of states across their respective. (D and E)
Atomically-resolved topographic images of the (D) “rt2” [(Vs, Is) = (-4 mV, 5 nA),
image size: (7.5 x 7.5) nm?] and (E) “1 x 17 K-terminated surface [(Vs, Is) = (-4 mV, 3
nA), image size: (7.6 x 7.6) nm?]. Images in (C-D) were obtained at 7= 4.2 K, and that
in (E) at 300 mK. (F) Large range d//dV spectra taken on these two types of K-
terminations respectively [“1 x 17: (Vs, ) = (80 mV, 1 nA), Viod = 1.25 mV; “rt2”: (Vs,
1) = (80 mV, 500 pA), Vimod = 1.25 mV, measured at 4.2 K].
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Fig. 2 Enhanced superconductivity and vortex bound states. (A) Large range d//dV’
spectra taken at Bao23Ko.77Fe2As2 [(Vs, Is) = (150 mV, 1 nA), Vioda =2 mV] and “1 x 17
K-terminated surface [(Vs, Is) = (80 mV, 1 nA), Vmod = 1.25 mV] measured at 4.2 K. (B)
Temperature dependent d//dV spectra taken at “1 x 1 K-terminated surface [(Vs, Is) =
(10 mV, 200 pA); Vmod = 0.25 mV]. (C) Zero-bias conductance (ZBC) map of the
“1 X 1” K-terminated surface measured at a temperature of 300 mK with an applied
vertical magnetic field (B, ) of 3T [(Vs, Is) = (15 mV, 100 pA); Vimod = 0.25 mV; image
size: (100 x 100) nm?]. (D) High resolution ZBC map [(Vs, Is) = (10 mV, 100 pA); Vinod
= 0.75 mV; image size: (25 x 25) nm?] taken within the red box in (C). The vortex
displays a star-shaped morphology, characterized by tails extending along the Fe-Fe
axis. (E and F) Linecut d//dV intensity plots along the blue dashed lines indicated in
(D). The solid circles indicate the extracted energy positions of the vortex bound states
[(Vs, Is) = (10 mV, 100 pA); Vinod = 0.25 mV]. (G and H) Corresponding waterfall plots
of (E) and (F).
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Fig. 3 Quantum vortex splitting and characteristics of fractional vortices. (A)
Temperature dependent ZBC maps recorded with an applied vertical magnetic field of
2T [(Vs, Is) = (10 mV, 200 pA); Vmod = 0.35 mV; image size: (125 x 125) nm?]. As
temperature increases, certain ordinary one-quanta vortices, marked by the red dashed
ellipses and solid circles, split into two or three anomalous vortices. (B to D)
Temperature-dependent ZBC maps recorded in the vicinity of vortex cores #N1, #F4,
and #F6, as indicated in (A). The ZBC intensity at 4.2 K and zero magnetic field was
subtracted from the zoomed-in ZBC maps following a detailed topographical correction.
The length of the scalar bar is 10 nm. (E) Spatial dependence of ZBC along the red
arrow lines crossing the vortex cores in (B to D). As the temperature increases, #N1
(left panel) remains an isolated one-quanta vortex. However, #F4 and #F6 (middle and
right panels) progressively split into 2 or 3 anomalous vortices. The red dashed lines
indicate the positions of the vortex cores. (F) Statistical plot of the number of
experimentally observed vortices at different magnetic field conditions, appended with
the theoretically expected number of vortices and the average magnetic flux carried by
anomalous vortices. (G) Line-cut intensity plots across (upper panel) normal vortex
#N2 [(Vs, Is) = (10 mV, 300 pA); Vinod = 0.35 mV] and (lower panel) anomalous vortex
#F6 [(Vs, Is) = (10 mV, 200 pA); Viod = 0.35 mV] respectively. (H) Point d//dV spectra
[(Vs, Is) = (10 mV, 200 pA); Vmod = 0.35 mV] taken from the core centers of multiple
normal vortices (blue) and those of anomalous vortices, respectively [(Vs, Is) = (10 mV,
300 pA); Vmod = 0.35 mV; measured at 4.2 K].
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Fig. 4 Simulation of the vortex splitting and vortex phase diagram. (A, B)
Theoretically calculated DOS at zero energy for the normal vortex and the split vortices.
(C) Calculated line-cut intensity plots across the normal vortex and fractional vortices.
(D) Calculated DOS spectra at the center of the one-quanta vortex (blue) and the
fractional vortex (red). (E) Phase diagram of “1 x 1” K-terminated surface. At low
temperature, most vortices persist in the form of integer flux vortices (composite
vortices). With a gradual increase in temperature (7.¥°), thermal fluctuations lead to
splitting of some integer flux vortices.
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Materials and Methods

Scanning tunneling microscopy

The STM/S experiments were performed using a commercial Unisoku USM1300 low-
temperature STM machine that operates at a base temperature of 300 mK. Pt/Ir tips
were used, and conditioned by field emission on a gold target. Differential conductance
(dZ/dV) spectra and maps d//dV (r, V) were recorded using a standard lock-in technique,
with the frequency of the bias modulation set at 973 Hz. KFe;As; single crystal samples
were grown by the KAs self-flux method (7). Single crystals with sizes up to (2 x 2 %
0.5) mm? were cleaved mechanically in situ at 12K in the ultra-high vacuum condition
(base pressure = 2 x 107'°mbar), and then immediately transferred to the microscope
head which was pre-cooled at temperature of 4.2 K. The microscope head was further
cooled temperature of 300 mK via a He*-based single-shot refrigerator. Magnetic field
dependent measurements were performed with the applied magnetic field ramped with
a small current ramping rate of 50 mA/s. Temperature dependent measurements were
performed at zero or constant applied magnetic field. We have extensively scanned
each of the KFe;As: single crystal samples to search for large and clean “1 x 17 K-
terminated surfaces necessary for the measurements. Data were acquired at a
temperature of 300 mK unless otherwise specified.

Simulation of fractional vortices in Bogoliubov-de Gennes model

We use two models to calculate STM signatures of fractional vortices.
Model I:

According to the Fermi surface of KFe>As; (three-hole pockets a, 8,y atthe I' point),
in the first model, we choose the following basis to describe the low energy band
structures around the I' point

|1> = (dy, + idyz)/\/i' |2> = (dyz — idyz)/\/ir |3> = dxy (S1)

The effective model at the I'-point has the point group C,,, of KFe;As; crystal, whose
generators include fourfold in-plane rotation C,, and vertical mirror reflection g,,. By
symmetry analysis, the 3-band spin-degenerate k - p effective model under the basis
(]1),12),13)) is restricted to the following form:

—tk? —idykyky, + A (k2 —k2)  Ask_
H(k) = | idikyky, + A5 (k2 — k2) —tk? Ak, | (S2)
Ak, —Aik_ —t'k?

where k = (ky,k,) is electron momentum with k, =k, *ik,, t,t' are the
hopping amplitudes, and 44, 4,, A5 are the coefficients of the inter-orbital couplings.
When the pairing is introduced, on the full Nambu basis

T
_ T T T T T T
VY= (Cl.kT' C2,k1 €3k Crkds C2,kbr C3kbs €1 12 €2 k) €3,—kbr C1,— k12 €2,k C3,—kT) ,



where ¢; kg, cf

ixe are the annihilation and creation operators of electrons in band i

with momentum k and spin o =T, !, respectively, the Bogoliubov-de Gennes (BdG)
Hamiltonian of the system is

H(k)o, — u H,(k)io,
Maaa(i0) = (HJ( (k) (~io,) —H (=k)a, + u)
H(k) — p 0 0 Hy (k)
0 H(k) —p  —Hp(k) 0
ol “HI(k) —H'(=k)—p 0 . (83
HA (k) 0 0 —H"(=k) —

where W is the chemical potential, g, is the 2 by 2 identity matrix in the spin space,
the Pauli matrices 0;—,, , denote spin, and the pairing term in the orbital space is

Hp(k) = A, Ay (k2 — k2) + ifyk ky, O (S4)
0 0 A,

Here, Aj—o12,3 are pairing potentials. To describe superconducting vortices, we write
BdG Hamiltonian in real space, hence k = —iV is an operator in the real space.
First, we use the simplest approximation for the vortex core of integer-flux vortex

i0 r
A;j(r,0) = Aje'® tanh <E)

where (r,0) are the polar coordinates in the real space, and ¢ is an approximant for
a coherence length.

When the Abrikosov vortex is split into two fractional vortices, in the first model
we use the following simplest ansatz

i0 r
Aj=0,1,2(r) = A]e tanh <E)

A;(r) = Aze'® tanh <|r ; al)

where the vortex core of A;j_g 1, is at the origin, while the vortex core of Az is at site

r = a. Here ¢ is the polar angle of the vector r — a.
Then, the density of states (DOS) at energy E can be obtained by the imaginary part

[ ()12

of retarded Green function p(E) = ;—; ImG*(x,y,E )=;—; Im—=> i

, where E, and

Y, (x,y) are the eigenvalues and the corresponding eigenfunctions of Hggg.

Figure 4A and 4B show the DOS of one-quanta vortex (A) and two split vortices
(B) at zero energy. Parameters are (t,t', A, A, Ay, Aq, Ay, Az, &, w)=(-1, -0.25,
0.35, 0.5, 0.15, 0.03, 0.03, 0.05, 5, -0.6), and the square lattice has 41 x 41 sites. The
broadening parameter is n=0.01. Figure 4C shows the DOS of one-quanta vortex (left)
and two split vortices (right) as functions of energy and position. The parameters
(t,t', A1, Ay, Ay, Aq, Ay, Az, &, p) are the same as those in Figure 4A and 4B while
the broadening parameter is 7=0.01 and the energy step is AE =0.001.



Model 1I:

In a fully self-consistent solution, the core of a fractional vortex is not axially
symmetric and fractional vortices are connected by domain walls. To address that issue,
we use the second simple model of three identical Josephson-coupled bands where gaps
are calculated self-consistently in order to go beyond an anzats-based solution. In this
section, we describe self-consistent solutions of the Bogoliubov de Gennes model.
Numerical results are obtained using mean-field Hamiltonian

H = _z Z exp{iinj} Cljl—aacjaa’ + Z(Aiﬁlc}l—iacfia + H'C')/Z + Z BZZ

oa <ij> i plaquettes
Ajg = Z Vap < CrigClip >
B

Coupling to the magnetic field is considered using a discrete version of Maxwell’s
equation V X V X A = ], which determines the connection between A;; and J;;.

]ij = —Zq Z Im< Cljl-a-acjo'a eXp{lqu]} >

oa
Tunneling conductance in the system is calculated as

alia(V)
av

o D [ltin *F (B = V) + 03" (B + V)]

where f' is a derivative of the Fermi function, i indicates the lattice point of a square
lattice, and n denotes the eigenstate of the system. The solution for these equations is
obtained using the approximate Chebyshev spectral expansion method, described in
(2). For further numerical examples and additional detail, see also (3).

In this section, we consider a model with three symmetric bands. To minimize the
effects of the boundary of the numerical grid, we investigate the case with relatively
large intraband interaction V;; = V,, = V33 = 2.4, and dimensionless charge q =
0.25 to ensure that the vortex solutions are much smaller than the system size. The
interband coupling are negative V;, = V;3 = V,3 = —0.6. The simulation results are
shown in Fig. S8. For Fig. S8B and Fig. S8C, the temperature is T = 0.24 (in
bandwidth units); for Fig. S8D and Fig. S8H, it is set to T = 0.23. Figure S8D and
S8H are performed in an external magnetic field B = 0.33. The initial guess for Fig.
S8B has 2m phase winding in all three bands, producing an integer vortex. For Fig.
S8C, 2m winding is imposed only in one of the components, yielding a fractional
vortex. Figure S8D and S8H have a domain wall without any vortices as the initial



guess for the computation. Pinning centers for Fig. SSH were created by an onsite shift
of a chemical potential from zero p = 2.0.

We find that overall spectroscopic signatures are consistent with the experiment
and Model I for the individual fractional vortex and individual integer vortex (shown
in Fig. S8A-C). Namely, compared to normal vortices, in fractional vortices, the
intensity of vortex bound state is weaker and superconducting coherence peaks are
stronger.

For the case of the presence of a domain wall, we find the results consistent with
Ginzburg-Landau modeling (4, 5) with the domain wall being uniformly decorated by
fractional vortices in an external field (Fig. S8D-G). An integer flux (composite) vortex
can be seen as a bound state of several co-centered fractional vortices. In usual cases,
the splitting of a normal vortex into two or more fractional vortices is energetically
unfavored due to their coupling to the same gauge field and the interband Josephson
coupling. However, when there are different domains of the phases of the
superconducting order parameters, the splitting of a normal vortex can have lower free
energy when the splitting happens along the domain walls instead of other regions.
Domains and hence domain walls, can form when there are three or more components
of superconducting order parameters coupled by bilinear Josephson terms. Denote the
n superconducting order parameters as ¢y, ¢, ..., P, , then the generic Josephson
coupling up to the leading order can be written as the following Josephson free energy

1
ij

where J;; = Jj; denotes the Josephson coupling between i and j order parameters.
When n =2, F,forcesthefields ¢,,¢, to be either in-phase or out-of-phase
depending on the sign of the prefactor, which does not allow degenerate minimal
solutions of ¢4, ¢,. In this case there are no domain walls. The surface electron doping
effect in KFe>As, makes the proximal layers of the surfaces more similar to Ba.
KxFe:Asz (x = 0.77), exhibiting a BTRS superconducting pairing states with three
significant Fermi surfaces (dxz, dy. and dxy bands) involved in the pairing, as elaborated
in above. We thus introduce three order parameters (n=3), among them, two order
parameters are similar, which we denote as 1 and 2 (formed by dx, and dy-bands). Thus,
we can choose J;3 = J,3 =] and J;, =)', and we can work out the solutions that
minimize the Josephson free energy as plotted in Fig. S9. As shown in Fig. S9A and B,
two degenerate minimal solutions can be found as long as J' > 0. Given two
degenerate solutions, in the thermodynamic equilibrium, time-reversal symmetry
would be spontaneously broken, and two types of domains can be formed according to
which minimal solution is chosen in the equilibrium state. Domain walls can be left
over after a phase transition due to pinning. A domain wall interpolates between two
energetically favorable phase-difference-locking values. Then on the domain walls the
phase-differences have energetically unfavorable values. If an integer vortex is captured
by domain wall, the phase difference values becomes more favorable if it splits into



fractional vortices (4, 5). Away from domain walls, one-quanta vortices will be formed
deep in a given domain. As a result, in the “1 x 1” surface of KFe>As>, both normal
vortices with integer flux quantum and anomalous vortices with fractional flux quantum
(i.e. fractional vortices) can be observed, and anomalous vortices will distribute along
domain walls. Importantly in multiband system there can be more types of vortices than
the number of broken symmetries, corresponding to different vorticity in different
bands.

Fig. S7 shows the domain wall of the same large field of view at 4.2 K under
different magnetic fields along z-axis. However, some of the experimental scans, as
shown in Fig. S7C, show that domain walls decorated by fractional vortices “terminate”
at two ends. The integer vortices and some pining centers are found around the
“termination”. To model that situation, we calculated the effects of the presence of
pinning centers. In that case, our simulations show that the decoration of domain wall
by fractional vortices proceeds only up to the pinning center, where the decoration is
terminated by an integer vortex forming on that pinning center (shown on panels Fig.
S8H-K), for these parameters the spectral features of undecorated-by-vortices domain
wall are faint, and should appear as a domain wall “termination” in tunneling
experiments, consistently with the experimental observation.

Supplementary Text

Two types of ordered K-terminated surface

The K-terminated surface shown in Fig S1A consists of K atoms in two different
surface terminations within the same atomic layer. According to Bardeen model, the
tunnelling current can be written as (6):

I = —2Ze7222mo/hp (0) [° py(e)de (1)

The contrast within a constant current topographic image is not only influenced by the
spatial corrugations, but also the integrated local density of states. The topographic
image in Fig. S1A was recorded with bias = 80 mV. Due to the higher density of
states on the “1 x 1” surface, the distance between the tip and the sample needs to
increase to sustain a constant current. This leads to larger apparent height of the “1 x 17
surface (by 3A) as compared to the “rt2” reconstructed surface, and difference in
surface work function between two cleavage planes, i.e. 1.3 eV and 1.6 eV for the “rt2”
reconstructed surface and the “1x1” surface respectively (see the Ln(/)-Az spectroscopy
data in Fig. S1C).

Evidence of electron doping effect on the “1 % 1 surface

As depicted in Fig. 1B, the “1 x 1” K-terminated surface contains excess potassium
(K) atoms. Utilizing quasiparticle interference (QPI) technique, Fig. S2 shows the
interference signals as a function of energy along I'-M high symmetry direction. Figure
S2A shows the schematic fermi surface of KFe»As,. Dark arrows denote the k-space
scattering process occurring within different pockets, giving rise to the corresponding




g-space wave vectors. The electronic band dispersions, energy versus momentum (£ -
k) cuts can then be determined by the measured ¢ geometrically 2 |k| = |g| along the [-

M direction. The QPI band dispersion on the “rt2” reconstructed surface primarily
originates from surface states (SS) contributed by defects. The energy dispersion of the
SS matches well with the measurements (red dashed line) conducted by angle-resolved
photoemission spectroscopy (ARPES), confirming the consistency of the doping level
between the “rt2” reconstructed surface and the bulk (Fig. S2B). On the “1 x 1" surface,
the QPI band dispersion (blue dashed line) is mainly attributed to the dx. band. However,
compared to ARPES measurements (red dashed line), the QPI band dispersion is shifted
approximately 10 meV downwards, indicating a significant electron doping effect on
the “1 x 17 surface (Fig. S2C).

DFT calculation

Our DFT study is performed by using the full potential local orbital (FPLO)
basis(7) and the generalized gradient approximation (GGA) to the exchange and
correlation functionals (8). We use the interpolations of lattice parameters (9) and
optimize the antimony positions within the GGA. The charge doping of
Bao23Ko.77Fe2As is modeled via the virtual crystal approximation on the Ba/ K site. On
the other hand, the band structure of 1-layers KFe>Asy with “1 x 17 K-terminated
surface is estimated by using rigid-band approximation.

Origins of vortex bound states

Through zero-bias conductance mapping we found that the vortex cores observed
on the K-terminated surface have a star-like shape with the tails along the Fe-Fe
direction. The surface electron doping effect in KFe2As> makes the proximal layers of
the surfaces more similar to BaixKxFe;Asz (x = 0.77). At this point, the momentum
distribution of the superconducting gap can be compared to the measurement results of
heavily hole-doped Bao.iKooFe2Asz (10). d,. and d,. orbital have similar gaps around I
point. The outmost d,, orbital is located closest to the zero gap lines of the s+ form order
parameter. Superconducting gap on d,, orbital is almost zero, which will not contribute

the vortex bound state. The decay length of the core states depends on fermi velocities
vr and gap amplitudes A. The rounded-square Fermi surface of outmost d,. orbital has
larger fermi velocity vr along the Fe-Fe direction. Consequently, there are extended
tails along the Fe-Fe direction. Meanwhile, d,., (d,-) orbital possess a nearly isotropic
(anisotropic) superconducting gap and a smaller (larger) fermi energy Er. Hence the d,.
(d,.) orbital related vortex bound state have a larger (smaller) level spacing and is much
more isotropic (anisotropic) (/7).

Topography correction

Positional correction on the scanned area before performing statistical analysis on
the number of magnetic flux vortices under different magnetic fields was required for
two reasons. First, the scanning characteristics of the piezoelectric scanner tube
employed in our STM equipment were calibrated at 4.2 K. The measured lattice
constant of “1 x 1” surface at 4.2 K was 3.8 A, consistent with the reported value.




However, at 0.3 K the measured value became 4.0 A, indicating a slight but non-
negligible change in the characteristics of the piezoelectric scanner tube with varying
temperature, which needs to be considered when performing statistical analysis on the
vortex number. Second, each of the ZBC maps reported was recorded with a pixel size
of (512 x 512), and required 32 hours to acquire, and thermal drift effect was
unavoidable for such long hours of data acquisition at 4.2 K. We took two approaches
to mitigate the thermal drift effect. Firstly, before each ZBC map measurement, we
waited one to two hours for the system to relax, then found the same surface location
and started the measurement. Secondly, using the topographic image at 0.3 K as the
control image, we used distinctive surface defects as reference points. After topography
correction, nearly every position of defects can be uniquely matched.

Vortex splitting and fractional vortices with magnetic field along different direction
The direction of the magnetic field affects the distribution of fractional vortices.
A 2T magnetic field inclined at 45 degrees with respect to the z-axis possesses a 1.4T
component along the z-axis, yet the distribution of fractional vortices (Fig. S5G) differs
from that depicted in Fig. S5F. Similarly, a 2T magnetic field inclined at 60 degrees
with respect to the z-axis possesses a 1T component along the z-axis, yet the distribution
of fractional vortices (Fig. SSH) also deviates from that shown in Fig. S5C. The
distribution of fractional vortices can be easily tuned by tilting of the magnetic field.
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Fig. S1 Two types of ordered K-terminated surface. (A) Topographic image of a
freshly cleaved KFe»As; single crystal sample revealing two types of ordered K-
terminated surface [(Vs, Is) = (80 mV, 100 pA), image size: (100 x 100) nm?, measured
at 4.2 K]. (B) Height profile along the white dashed line indicated in (A) showing a
height difference of ~3 A between the two types of the K-terminated surface. (C) In(/)-
Az spectroscopy measurements on the two terraces showing the “rt2” terminated
surface has a work function of 1.3 eV, while the “1 x 1” surface a work function of 1.6
eV.
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line). The “one-Fe” zone is shown as a dashed line. The red (dx.), purple (dy), and blue
curves (dxy) show the hole-like pockets surrounding the I point. The gray curves show
the surface state. Black arrows denote the k-space scattering process occurring within
different pockets, giving rise to the corresponding g-space wave vectors. (B-C) STM
quasiparticle interference (QPI) energy versus momentum (£ - k) cuts along the high

symmetry I'-M direction measured on the (B) “v2 x V27 [(Vs, Is) = (20 mV, 200 pA);

Vmod = 0.75 mV; image size: (75 x 75) nm?] and (C) “1 x 1 K-terminated surfaces [(Vs,
L) = (25 mV, 570 pA); Vmod = 1.25 mV; image size: (100 x 100) nm?]. In (B), the red
dashed line represents the dispersion of the surface state obtained from angle-resolved
photoemission spectroscopy (ARPES) measurements. In (C), the blue dashed line
represents the extracted energy positions of the holes band measured using STM. The
red dashed line represents the dispersion of the dy. band obtained from ARPES. The
data was measured at 4.2K.
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Fig. S3 DFT calculation. Calculated band structures of (left) “1 x 1” K-terminated
surface of KFe»As: (calculated using 1-layer of KFe2As> with the “1 x 17 K-terminated
surfaces), as well as the bulk band structure of (middle) Bao23Ko.77Fe2As> and (right)
KFe2As:. The red dashed line indicates the band top of the hole band at the I point and
saddle points in the calculated band structure of the “1 x 1" K-terminated surface. The
calculation results show that the resultant doping level of 1-layers KFe2As> with “1 %
17 K-terminated surfaces closely resemble that of Bag23Ko.77Fe2Aso.
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Fig. S4 Quantum vortex splitting. (A) Temperature-dependent ZBC maps recorded
in the vicinity of vortex cores #F1, #F2, #F3 and #F5. The ZBC intensities at 4.2 K and
without magnetic field were subtracted from the zoomed-in ZBC maps following a
detailed topographical correction. The length of the scalar bar is 7 nm. (B) Spatial
dependence of ZBC along the red arrowed lines crossing the vortex cores in (A).
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Fig. S5 Statistical analysis of distinct vortices. (A) Zero-bias conductance (ZBC) map
recorded on “1 x 1”” K-terminated surface at 0.3 K with an applied magnetic field of 2T,
and (B to H) those recorded in the same field of view at 4.2 K with different applied
magnetic fields [(Vs, Is) = (10 mV, 200 pA); Vmod = 0.35 mV; image size: (365 x 375)
nm?]. (I) ZBC map measured at 4.2K with a magnetic field of 2T on LiFeAs [(Vs, I5) =
(15 mV, 200 pA); Vmod = 0.35 mV; image size: (400 x 400) nm?]. The number of
vortices present in STM matches what is expected from the number of magnetic flux
quanta passing through the area. In (A) to (H), blue and red circles mark the normal
and fractional vortices, respectively. All the ZBC maps shown in (A) to (H) are
recorded at the same surface location following careful topography correction.
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Fig. S6 Spectroscopy contrast between normal vortices and fractional vortices. (A)
ZBC map and (B) d//dV(r,V) map slice at V' = -4 mV recorded at the same surface
location on the “1x1” K-terminated surface at temperature of 4.2 K and an applied field
of 2T [(Vs, Is) = (10 mV, 200 pA); Vmeda = 1.25 mV; image size: (100 x 100) nm?].
Compared to normal vortices, fractional vortices have smaller DOS values at 0 meV
and larger DOS values at -4 meV.
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Fig. S7 Spatial arrangement of the fractional vortices along the expected domain
wall. (A-E) Zero-bias conductance (ZBC) maps measured at 4.2 K (A) at zero magnetic
field and (B to E) at applied magnetic fields of different field strengths. All the ZBC
maps shown in (B to E) were subtracted from that obtained at zero field in (A) following
topography correction to eliminate the contributions of the impurities to the image
contrast. Distinct linear features that exhibit a higher DOS at zero bias are prominently
discernible, and are highlighted using orange dashed line for visual reference. Domain
walls decoration by fractional vortices terminates at two ends by pinned integer
vortices(C). The integer vortices and some pining centers are around the termination.
(F) Topographic image showing the recorded location of the ZBC maps shown in (A
to E) [(Vs, Is) = (10 mV, 200 pA); Vmod = 0.35 mV; image size: (365 x 375) nm?].
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Fig. S8 Self-consistent BDG numerical results. (A) Tunneling conductance patterns
for the conventional vortex core (C,,e), fractional vortex core (F,,,.), domain wall
(Cpw ), and empty system in both simulations (C, and F;). (B, C) Tunneling
conductance for zero voltage bias for fractional and conventional vortices. Markers
indicate the positions where results for A were calculated. (D) Tunneling conductance
for zero voltage bias for a sample with a domain wall and external magnetic field.
Fractional cores are observable. (E) Magnetic field distribution in D. Vortices cores are
easily distinguishable. (F, G) Phase difference between gaps showing the presence of
a domain wall between two relative phase orientations. (H-K) The same results with
two pinning centers on the domain wall. H and I show the absence of vortices between
the pinning centers; G and K indicate the presence of the domain wall. Pinning centers
stop domain wall decoration by vortices.
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Fig. S9 Minimal solutions of the Josephson free energy and the phase diagram.
Arrows denote the phases of three order parameters labeled by 1, 2 and 3. A and B
correspond to the case of /' > 0 in which there are two degenerate solutions with
minimal Josephson free energy, while C and D to the case of /' < 0 where only one
solution with minimal Josephson free energy exists. / < 0 for A and C, and J > 0
for B and D.



Table S1 Number of vortices present in the same STM field of view on the “1 x 1”
K- terminated surface at different magnetic field settings and on LiFeAs at vertical
field of 2 T (T=4.2 K)

Magnetic field Niheoretical Nexperimental Nnormal vortices (Nnv) Nanomalous vortices (Vav) | Ratio
0T @4.2K 0 0 0 0 0
I1T@w4.2K 67 85 57 28 2.80
2T @4.2K 133 170 105 65 2.32
3T @4.2K 200 254 148 106 2.02
2T @ 0.3K 133 135 135 0 0
2T XZdegb 67 90 47 43 2.15
0
2T XZdeg4 100 126 70 56 1.86
5
14T @ 100 135 67 68 2.06
42K
2T @4.2K 163 166 166 0 0
LiFeAs

*Ratio = N anomalous vortices / (Mheoretical - N normal Vortices)
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