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The unconventional charge density wave (CDW) order in layered kagome

lattice superconductors AV;Sbs (A =K, Cs or Rb) triggers the emergence of
novel quantum states such as time-reversal symmetry breaking and electronic
liquid crystal states. However, atomic-scale manipulation and control of such
phases remains elusive. Here we observe the emergent superconductivity
and aprimary pair density wave at the 2 x 2 Cs reconstructed surface of
CsV,Sb; by means of low-temperature scanning tunnelling microscopy/
spectroscopy paired with density functional theory calculations. This
quasi-two-dimensional kagome superconducting state with a critical
temperature of -5.4 K is intertwined with the bulk CDW order and exhibits a
unique vortex core spectrum and a4 x 4 pair density wave modulation of the
superconducting gap. The emergent phenomena happen at a m-phase-shift
dislocationin the periodicity of the CDW along the stacking direction if the

2 x 2 Cssuperstructures are out of phase with the bulk CDW. Furthermore, we
switched on and off the quasi-two-dimensional superconductivity through
tip-assisted atomic manipulation of the 2 x 2 Cs superstructure. Thus, control
ofthe surface reconstruction permits the creation, manipulation and control
of quantum many-body states at antiphase boundaries in kagome lattice
superconductors and, potentially, in other correlated materials.

Vanadium-based kagome metals AV,Sb; (A =K, Cs or Rb) exhibit
rich quantum phases'™*, which may be manipulated at the atomic
scale. The AV,Sb; single crystals have a layered structure containing
two-dimensional (2D) kagome lattice planes formed by V atoms>®
(Fig. 1a). In contrast to the insulating” and itinerant magnetic®’
transition-metal kagome materials, AV,Sb; compounds are
non-magnetic and have a superconducting ground state>'°. They
possess a cascade of symmetry breaking correlated and topological
quantum states, in addition to the charge density wave (CDW) order™ ™.

Apartfromthebroken lattice translation symmetry, some works indi-
cates that rotation symmetry is brokeninan intricate manner®, exhibit-
ingarich set of electronicliquid crystal states such as smectic order' 8,
stripes'>”° and electronic nematicity” . There is some experimental
evidence foraspontaneous time-reversal symmetry breaking* > CDW
state, which is unexpected and non-trivial in the absence of spin mag-
netism and is under intensive debate”*”*, These many-body states
transition to a superconducting state at low temperatures, exhibit-
ing evidence for time-reversal symmetry breaking®>*°, pair density
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Fig.1|Emergent low-energy gap and incipient surface band inside the bulk
CDWgaponthe2 x 2Csorderedsurface of CsV;Sb;. a, The atomic structure
of CsV,Sb, featuring a stratified composition of VSb sheets intercalated by Cs.
Within the VSbl plane, the Vatoms arrange in a kagome net, entwined with a
hexagonal net formed by the Sblatoms. The Cs atoms sit right above the Sbl
atoms, forming a hexagonal lattice. The Sb2 layer forms a honeycomb lattice.

b, A schematic of the pristine Cs surface of CsV,Sbs, showing the bulk CDW gap.
¢, Aschematic of the 2 x 2 ordered Cs surface of CsV,Sb,, showing the emergence
ofaquasi-2D superconducting (SC) gap and a narrow band of bound states when
the 2 x 2 Cs order is out of phase with the bulk CDW. d, The STM topography

of as-cleaved CsV,Sb; at low temperature showing a large area of 2 x 2 ordered
superlattice structure (V.= 900 mV, /=50 pA). The black arrows highlight the
two crystalline directions. The blue rhombus highlights the unit cell of 2x 2 Cs
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reconstruction. The inset shows the FT of the STM topography, showing the

Q,,; (bluecircles) and Qg4 (black circles). e, STM topography and schematic of
the2 x 2 Cs (dashed blue rhombus) and Sb surface regions, showing the atomic
configuration of Cs atoms (blue spots) on the honeycomb lattice of the Sb2 layer
(black hexagons). V.. =40 mV, /,.=1nA.f,g, The spatially averaged d//dVspectra
obtained on different surfaces of CsV,Sb; at atemperature of 0.4 Kin the voltage
range of —-80 to 80 mV (f) and -10 to 10 mV (g), showing the emergence of a series
of narrow bands of bound sates with the sharpest spectral peak around 5.6 mV
(P,p) inside the bulk CDW gap (highlighted by the orange arrows and shade) and
aparticle-hole symmetric gap of 1.9 meV (4,,, dashed blue lines in g beyond the
bulk superconducting gap (4,.,, dashed blacklinesing) at the 2 x 2 Cs ordered
surface. V., =100 mV, /=3 nA, V,,a=0.1mV.

wave (PDW) order®*°, pseudogap behaviour? and charge-6e super-
conductivity in thin-film ring structures®. Whether these unconven-
tional quantum phases and the particular interplay between CDW
and superconductivity®*** can be manipulated and controlled by
atomic-scale modifications remains to be shown.

Inthis work, we investigate the emergent quantum states and their
atomic manipulationin AV,Sbs. We unveil the emergence of a particle-
hole symmetricenergy gap at the Csreconstructed surface of CsV,Sbs
via low-temperature scanning tunnelling microscopy/spectroscopy
(STM/STS). We systematically study the temperature dependence
and magnetic field evolution, image the magnetic vortex states and
identify the energy gap as an emergent quasi-2D superconducting state
from the band of bound states localized near the surface with stack-
ing dislocations. This 2D superconductivity is distinct from the bulk
superconducting state and has significantly higher critical temperature
(T.=5.4K), higher out-of-plane critical magnetic field (H,= 8 T) and
alarger two-gap to T, ratio (-7.3) than those associated with the bulk
superconductivity in CsV,Sbs. This superconducting state exhibits
unconventional vortex core excitations and 4 x 4 spatial modulations
of the superconducting coherence peak and the superconducting
gap size, consistent with a 3Q primary PDW. Moreover, we demon-
strate that this quasi-2D superconducting state can be controlled at
the atomic level. By manipulating the surface Cs atoms to create or

eliminate i-phase dislocationsin the bulk CDW, we toggle the quasi-2D
superconductivity on and off, hence manipulating the quantum phases
through atomic engineering.

We propose amechanism for the emergence of adistinct supercon-
ducting state,induced by a Cs-adatoms-driven phase twist at the stack-
ing surface of bulk CDW orders, as shown schematically (Fig. 1b,c). The
CDW state in AV,Sbs is three-dimensional (3D) with strong interlayer
correlations. It can be thought of as a phase coherent stacking along
the c-axis of 2a, x 2a, (2 x 2in short) charge density modulationsinthe
kagome plane. The stabilized 2 x 2 x 2 order at low temperatures cre-
atesabulk CDW energy gapin the electronic density of states (Fig. 1b).
Ifthe 2 x 2 ordered Cs atoms can be formed and atomically tuned out
of phase with the bulk CDW, a t-phase-shift dislocation stacking fault
isintroduced on the surface, leading to a quasi-2D surface band and
superconducting gap (Fig. 1c).

The2 x 2ordered Cs surface and emergent

energy gap

The CsV,Sbs single crystals are cleaved at low temperature (see the
Methods for details). Apart from the well-known Cs reconstructions
on cleaved surfaces reported previously (Supplementary Fig. 1), we
observe a new type of ordered Cs structure in some surface regions
(Fig.1d and Supplementary Fig.3). The STM topographicimage and its
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Fourier transform (FT) reveal a hexagonal lattice with the periodicity
of about 1.1 nm, twice that of the crystalline lattice constant a,, dem-
onstratingthe 2 x 2 ordered superlattice structure (Fig.1d). To further
reveal the atomic configuration of Cs atoms, we intentionally push
some of them away by STM tip to expose asmall area of the Sb2 surface
below’ (Fig. 1e). We identify that each Cs atom in the 2 x 2 superstruc-
ture is located right above the centre of the Sb2 honeycomb lattice,
which is directly above the Sb1l atom at the centre of the hexagons in
the Vkagomelattice (Fig.1a). Observations of 2 x 2 Cs superstructures
arereproducible on all samples cleaved at low temperature. The larg-
estarea of 2 x 2 Cs ordered surface is about 150 nm x 150 nm (see the
Methods for details).

Insharp contrast to other types of surfaces such asv3 x v3 ordered
orthe Sb2 surface, where the spectrashow adensity of states suppres-
sion over a broad soft CDW energy gap, a series of narrow bands of
bound states emerge inside the bulk CDW gap onthe 2 x 2 ordered Cs
surfaces, withthe sharpest spectral peak located atabout 5.6 mV (P,;)
above the Fermilevel (E;; Fig. 1f). The full width at half maximum of the
peakisabout2 mV, anditsintensity is nearly five times larger than the
background tunnelling conductance from the bulk bands (Fig. 1f,g).
These incipient bands of near mid-gap states are unexpected, as the
2 x 2 ordered Cs atoms have the same planar periodicity as the bulk
2 x 2 x2CDW order, indicating their intricate interplay, which we will
discuss further below.

The tunnelling conductance at low energies shows a significantly
enhanced density of states near the £, elevated by the tail end of the
in-gap states peaked at P,;, exclusively onthe 2 x 2 ordered Cs surfaces
(Fig. 1f). Intriguingly, a new pair of conductance peaks develops at
around 1.9 mV, delineating an emergent particle-hole symmetric gap
labelled as 4,; (Fig. 1g). From hundreds of d//dVspectracollected over
different2 x 2 Csordered regions of six CsV,Sbs samples, we obtainan
average gap size of A, = 1.70 + 0.17 meV (Extended Data Fig.1a). Thisis
insharp contrast to other types of surfaces, where only the bulk super-
conducting gap 4, = 0.5 meV was observed below T, = 2.5 K that is
present asadistinctin-gap feature inside 4,, on the newly-discovered
2 x2Csordered surfaces (Fig.1g). The d//dVmaps covering the bound-
arybetween 2 x 2 Csordered region and other types of Cs reconstruc-
tions show that the dominantintensity at2and 5 mVarelocalized inthe
2 x2 Csordered region, whereas no difference is observed across the
boundary at zero energy (Extended DataFig. 1b-e). These observations
further demonstrate that the 4, and P, emerge fromand are charac-
teristic of the quasi-2D surface states onthe 2 x 2 Cs ordered surfaces.

A new quasi-2D superconducting stateand 4 x 4
PDW

Applying external magnetic fields perpendicular to the sample sur-
faces, we observe that the bulk superconducting gap 4, is fully sup-
pressed above the upper critical field H , 5 = 0.8 T (ref. 34) (Fig. 2a),
while 4, survives and becomes undetectable only at a much larger
critical field of H, ,, = 8.0 T.In addition, the suppression of A,y isinde-
pendent of the perpendicular field direction (Fig. 2b), excluding the
possibility of local magnetic states (for example, spin singlet states®)
in2 x 2 Cs ordered regions for the non-magnetic CsV,;Sb; crystal. Next,
increasing temperature in the absence of an external magnetic field,
the bulk superconducting gap 4, closes and is undetectable above
acritical temperature of T, = 2.3 K (ref. 2), whereas the quasi-2D
energy gap 4, persists up to T, ,, = 5.4 K (Fig. 2¢,d). The peak-to-peak
gap value of 4,;, (Fig. 2e) exhibits a similar temperature dependence
to the bulk superconducting gap A4, (ref. 36). Thus, the field- and
temperature-dependent measurements suggest that A,, most probably
originates from anintrinsic quasi-2D superconductivity rather thana
proximity-effect-induced superconductivity. The value of the measured
gap-to-T,ratio 24,,/k; T, = 7.3 is significantly larger than that of bulk
superconductivity (-5.2) (ref. 2). We attribute this new superconducting
state as quasi-2D superconducting state since it is detectable only on

the2D2 x 2 Csreconstruction surfaces, and lack of further evidence for
acomplete 2D origin, such as Berezinskii-Kosterlitz-Thouless transi-
tion, due to instrument constraints.

The superconductivity origin of 4,; is further confirmed by the
observation of Abrikosov vortices (Fig. 2f-i) in a perpendicular mag-
netic field B,. At 0.4 K and B,= 0 T, the zero-bias conductance map
is essentially uniform (Fig. 2g and Supplementary Fig. 7). When B,
is well above the bulk He, pu = 0.8 T, Ay is fully suppressed and the
vortex lattice of the bulk superconducting state is undetectable®
(Supplementary Fig. 8). However, several bound-state cores with high
spectral intensity labelled as V1, V2 and V3 (Fig. 2h) are observed at
1.5 Tin the zero-bias conductance map of the 2 x 2 Cs ordered region
where 4,,is present. The comparison between the zero-bias conduct-
ancemapatO Tand 1.5 T of the same surface regionrules out the local
impurity-induced bound states as the origin. When B, is increased to
1.7 T, the core positions change with the field (marked V1’ and V2’ in
Fig.2i). The distance between two neighbouring vortex cores decreases
from 40 nm at 1.5 T to about 21 nm at 3.5 T (Supplementary Fig. 9),
demonstrating the formation of the Abrikosov vortex lattice”. In addi-
tion, the d//dVlinecut across the core shows the emergence of vortex
bound states inside 4, (Fig. 2j,k). These observations demonstrate
theexistence of field-induced vortex lattice arising from the quasi-2D
superconductivity associated with the energy gap 4,,. Arough estimate
of the vortex core size gives a coherence length of 6-8 nm, which is
about three times smaller than the coherence length of the bulk super-
conducting state derived from bulk vortex core size ~26 nm (ref. 38)
(Supplementary Fig.10). Since the critical field scales with the inverse
ofthe coherencelengthsquared, we arrive ata critical field that is about
tentimes larger than that of the bulk superconducting states, whichis
indeed consistent with our observation of H,, ,, = 8 T discussed above.
We note that the vortex bound states exhibit a plateau-like density of
states around zero energy (Fig. 2j), which is distinct from the conven-
tional Caroli-de Gennes—Matricon states observed in bulk supercon-
ducting state of CsV,Sb; (ref. 37) (Supplementary Fig. 11).

The emergent quasi-2D superconductivity may harbour inter-
twined quantum states invisible in the 3D compounds. We have thus
studied the spatial distribution of the superconducting properties and
observed the emergence of a4 x 4 spatial modulation, which is twice
the periodicity of the 2 x 2 Cs order, directly visible in the d//dV maps
(Fig. 3a, dashed white circle). They give rise to three prominent peaks
located at half the length of Q,,,in the FT pattern (Fig. 3b, green circles).
The new short-range ordered 4 x 4 modulations emerge only at low
energies (for example, 1.6 meV) (Fig. 3a) while become undetectable
atrelatively higher energies (for example, 6.4 meV) (Fig.3c,d). The FT
intensity along one lattice direction (Fig. 3b, dashed red line) as a func-
tion of sample bias shows that the modulation wave vector, thatis, Q,.,,
does not depend on the bias energy and is non-dispersive (Fig. 3e).In
addition, Q. is observed over the entire energy range of the density
of states buildup due to the quasi-2D superconducting coherence
(Fig. 3e, right), which is different from the modulations caused by the
quasiparticle interference due to impurity scattering that should be
limited to the very narrow energy window of the coherence peaks®.
These observations are reproducible in different 2 x 2 Cs ordered
regions of various samples (Supplementary Fig. 13) and support that
the4 x 4 ordered modulations, the first of its kind observed in kagome
superconductors, is correlated to and a part of the emergent quasi-2D
superconductivity.

Todirectly test this picture, we further study the spatial variation
of the quasi-2D superconducting gap size 4, by collecting the d//dV
spectraalongalinecut (Fig.3a, greenarrow), which shows sizable vari-
ationsinthe distance between the pair of coherence peaks associated
with4,;, (Fig. 3f). The local gap sizes 4,, can be more precisely extracted
from the peak locations in the -d*//dV? curves as marked by the black
crosses (Fig. 3g), which exhibit systematic modulations of only the
quasi-2D superconducting gap across the linecut (Supplementary
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Fig. 2| Superconductivity origin of4,, at the2 x 2 Cs ordered surface of
CsV,Sb,. a, The out-of-plane magnetic field dependence of spatially averaged
d//dVspectra (Supplementary Fig. 4), showing the suppression of 4, (black
arrows) and 4,, (blue arrows). b, A colour map of d//dVspectrafrom-9to9T,
showing the magnetic-field-induced suppression of 4,,, independent of the

field direction. The H,, of Ay, (H,, 5p) is about 8 T (black dashed line), which is
much higher than the H, ,, 0f 4y, (0.8 T, dashed red line). ¢,d, The temperature
dependence of spatially averaged d//dV spectra (c) and colour map (d), showing
thatthe critical temperature of 4,; (T, ,;, dashed black line) is significantly higher
than that of bulk superconducting gap (7 ,,, dashed red line). More temperature-
dependent spectra are shown in Supplementary Fig. 5. e, Evolution of 4,,,, and
A, with temperature extracted from the d//dVspectrain ¢, showing the bulk
superconductivity with T, = 2.3 Kand T_ ,, = 5.4 K. The dashed blue curve is the

Sample bias (mV) Sample bias (mV)

BCS simulation of superconducting gap size evolution. f-i, An STM topography
ofa2 x2Csorderedsurface (f) (V.. = 900 mV, /=50 pA) and corresponding
zero-energy d//dVmaps under out-of-plane magnetic field of 0.0 T(g), 1.5 T (h)
and 1.7 T (i), respectively, showing field-induced Abrikosov vortex lattice from
A,p. Thevorticesinhandiarelabelled as V,-V;and V/-V,/, respectively. j,k, The
waterfall plot of d//dVspectra (j) and corresponding intensity plot of the negative
third derivative conductance, —d*//dV? spectra (h) along the cyan arrow in

h, showing the bound states inside 4,, across the vortex core. For all d//dV data
inthis figure, V,.,=50 mV,/,.=2nAand V,,.,=0.1mV.The spectraina,candjare
vertically shifted for clarity. The error bars in e represent the FWHM obtained by
the Gaussian fitted coherence peak (Supplementary Fig. 6) of the spectra shown
inc. Theerror barsinjrepresent the energy resolution in STS measurements.

Fig. 14). The spatial modulation of 4,, has an amplitude of the order
of 5.5% of the average gap. Intriguingly, the spatial modulations can
be well described by two distinct periods of 2a, and 4a,, respectively
(Fig. 3g, dashed black curve), corresponding to an intraunit-cell 2 x 2
pair density modulation*®* and a primary 4 x 4 PDW within a finite
size. We thus attribute both the pair density modulation and the PDW
formation to the emergent quasi-2D superconductivity. Butasour map
sizeis only afew tens of nanometres, we cannot rule out that the PDW
isashort-ranged order with the correlation length of the region size.

Atomic manipulation of quasi-2D
superconducting state

To investigate the physical conditions for the emergent quasi-2D
superconductivity, we createinsitu triangular-shaped 2 x 2 Cs ordered
islands with designed configurations by manipulating the Cs adatoms
using the STM tip in the same surface region (Fig. 4a, Supplementary

Fig. 18 and Methods). Such engineered surface superstructures can
avoid the possible spatialinhomogeneity (Supplementary Fig.17 and
Methods) of the as-cleaved surface of CsV,Sbs.

The first necessary condition for pronounced superconducting
gap 4, to appear is the critical size of the 2 x 2 region must be larger
than the coherence length of the quasi-2D superconductivity. We
define the size of a region by the atom number N on the edge of the
isosceles triangle island with 2 x 2 Cs order (Fig. 4b). For small-sized
island (N <13), we observe only the bulk superconducting gap 4,
appearing below T, and small peaks around 5 mV arising from the
pseudogap phase*** (Fig. 4c and Supplementary Fig. 20). When the
islandsizeisincreased to N=13,apronounced peak P,, startstobecome
observable at 7.8 mV while 4, is still undetectable. When the island
size is further increased to N>19, A,; at around £1.9 mV begins to be
visible (Fig. 4c, dashed red line). The critical size N for emergent 4,,
isapproximately 20. Thus, the critical edge length of triangle is about
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Fig.3|Observationofthe4 x 4 PDW modulation of4,,atthe2 x 2Csordered
surface of CsV,Sb,.a,b, Ad//dVmap at-1.6 mV (a) and the magnitude of the drift-
corrected FT (b), showing the emergence of short-range ordered 4 x 4 spatial
modulation (green circle). For the unprocessed data, see Supplementary Fig. 12.
c,d, Ad//dVmap at 6.4 mV (c) and the magnitude of the drift-corrected FT (d) in
the same region as a, showing a uniform 2 x 2 lattice without 4 x 4 superlattice.

e, Left: an FT linecut of d//dVmaps along one of three lattice direction (the dashed
redlineinb) at 0.4 K as a function of sample bias, showing that ordering vectors
at Q,.,is non-dispersive. Right: the energy range of Q. corresponds to the quasi-

Sample bias (mV)

Sample bias (mV)

2D coherence as indicated by the comparison of d//dVspectrabetween O and 9 T.
The dashed green lines and green shade are guidelines for the comparison. The
dashed blue lines highlight the quasi-2D superconducting gap. The signals near
Q=0aremanuallysetto O for clarity. f, The waterfall plot of a d//dVlinecut along
greenarrow ina, showing spatial modulation of 4,;,. g, The zoom-in intensity plot
of -d*//d V2 linecut corresponding tof, highlighting that the spatial modulation
of A, (black crosses) can be well described by two distinct periods of 2a, and
4a,(dashedblack curve), respectively. For all d//dVdata, V.., =50 mV,/,=1.5nA,
V0a=0.15mV. The spectrain fare vertically shifted for clarity.

20.9 nm. The observed size dependence of P, and 4, is summarized
in Fig. 4d. Accordingly, the critical linear dimension of the quasi-2D
superconductivity, defined as the distance from centre to the edge
ofthe triangularisland, is estimated to be approximately 6 nm, which
isindeed comparable with the superconducting coherence length
estimated from the size of the vortex core.

Thesecond conditioninvolves the correlation between the super-
lattice potential of the surface Cs order and the 3D bulk CDW in CsV,Sbs.
As mentioned above (Fig. 1a), each 2 x 2 unit cell in the surface region
contains one Cs atom, which can occupy one of four equivalent sites
located above the centres of the four hexagons in the 2 x 2 unit cell of
the vanadium kagome lattice below. These four configurations are
related by either halfa unit-cell translation, thatis, a tshift. This Z, x Z,
degeneracy islifted when the coupling to the bulk CDW is considered.
InCsV,Sb,, the CDW has the periodicity of 2 x 2 x 2 at low temperatures
as determined by STM>® and scattering experiments'. Although the
precise nature is still under intensive investigation, where periodic-
ity of 2 x 2 x 4 is also reported®, it is believed to be a layer stacking of
bond ordered CDW withthe 2 x 2 star of David (SD) or inverse SD (ISD)
configuration in the kagome plane®*’. We can therefore label the bulk
CDW by astacking sequence of ABABAB... along the caxis, where Aand

B represent either two ISD (or two SD) configurations with a lateral it
shiftin one of the three lattice directions or adirect in-phase stacking
of ISD and SD configurations. Since the ISD and the SD patterns are
centred on one of the four hexagonsinthe 2 x 2 unit cellin the kagome
plane, itisclear that only one of the four2 x 2 Cs ordered configurations
is in-phase with the out-of-plane stacking of the bulk CDW, while the
otherthreeinterrupt the bulk CDW with att-phase twist stacking fault
atthesurface. Thisthree-to-one (3:1) ratio for the -phase twisted to the
in-phase terminations will be the same across all specific realizations
ofthe2 x 2 x2bulk CDW.

Asanexample, we consider the 2 x 2 x 2 CDW formed by stacking
the ISD in the kagome plane with a lateral 1 shift in the out-of-plane
direction™**, which is the ground state in density functional theory
(DFT) calculations". We extend the DFT analysis to explore howa2 x 2
Cs ordered surface couples to the bulk CDW (Methods). The results
show that the 2 x 2 CDW in the top vanadium kagome plane is always
locked to the 2 x 2 Cs order on the surface, such that the centre of the
ISD pattern shifts to align directly underneath the occupied Cs site in
the2 x 2 unitcell (Extended Data Fig. 2). Thisis due to the small binding
energy (-10 meV) for the lateral t-phase-shifted stacking of the ISD",
compared with the large pinning energy due to the Cs atomic order.
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Fig. 4| Atomic manipulation of quasi-2D superconducting states through
artificial control of the size of 2 x 2 Cs ordered region. a, A schematic showing
the construction of artificially 2 x 2 reconstructed triangular nano islands by STM
manipulation. b, Typical STM topographies showing a series of isosceles triangle
islands with 2 x 2 Cs order. The size of the islands, defined by the number of atoms
ontheedge (red arrows),is N=10,12,15,17,25and 30, respectively. V,.,= 900 mV,
1,=50 pA.c, The dl/dVspectraof triangle islands with increasing atom number

N, showing the critical N for the formation of 4, (blue arrows) of 20. To minimize

Atom number (N)

the edge-induced quantum confinement effect (Supplementary Fig.19), we use
the d//dVspectrum at the centre of triangle to characterize the electronic states
for eachisland. The spectraof N=1,19 and 30 are highlighted by the black curves.
The spectrum is normalized with respect to the average value. d, The gap size of
A,pand energy position of P, as a function of N, extracted from the d//dV spectra
inc, which shows an abrupt appearance of 4,,at N =20 and P,, (7.8 mV) at N=13.
The P,y gradually shifts to alower energy of 5.5 mV at N=18. The error bars
represent the energy resolution in STS measurements.

As aresult, the possible Z, x Z, Cs ordered configurations amount
to four stacking terminations of the 2 x 2 x 2 CDW at the surface
(Fig. 5a). Only one of them, labelled as ABAB, is in-phase with the bulk
out-of-plane stacking of the ISD, while the other three interrupt the
bulk CDW by a t-phase twist stacking fault at the topmost vanadium
kagome layer and are labelled as BBAB, CBAB and DBAB (Fig. 5a). We
thus expect the emergence of different kinds of surface states with a
3:1ratiothatarelocalizedin the Cs ordered regions. And the situation
isthe same when consideringa2 x 2 x 4 CDW (Supplementary Fig. 21).

To test this conjecture and gain microscopicinsights, we experi-
mentally construct the four different 2 x 2 Cs ordered terminations
with the same size (N = 25 triangle) by atomic manipulation using
the STM tip (Fig. 5b and Supplementary Fig. 23). They are labelled
as configurations I-1V and are related by the marked half-unit cell

1t shift (Fig. 5¢). Remarkably, the d//dV spectra at the centre of each
region show that the incipient in-gap density of states peak P, at
6.0-6.8 mV, and the superconducting gap 4,, emerges (cyan, green
and blue curves) in configurations II, Il and IV, while P,; at about
11.2 mV, and a much weaker feature of 4, is observed in configu-
ration I (Fig. 5d, red curve). The P,, indeed shows strong localiza-
tion features around the 2 x 2 ordered Cs atoms in the d//dVlinecuts
(Extended Data Fig. 3). Although STM is only sensitive to the top
surface layer, the detected ratio of 3:1 supports that configuration |
correspondstothein-phase ABAB termination while the other three
correspond to m-phase twisted stacking fault of the bulk CDW at the
surface (Fig. 5a). Therefore, the incipient narrow band P,, near E is
concurrent with 4,5 (Fig. 5d) and the phase-twisted stacking fault of
the bulk CDW state at the surfaceis the key condition for the emergent
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Fig. 5| Atomic manipulation of the quasi-2D superconducting state through
artificial control the phase twist of bulk CDW. a, A schematic of four2 x 2Cs
ordered surface configurations (config.) by involving the correlation between
the superlattice potential of the surface Cs order and 3D bulk CDW. One in-phase
configuration fit with the out-of-plane stacking of the bulk CDW, namely ABAB,
while the other three out-of-phase configurations disrupt the bulk CDW with a
Ti-phase twist stacking fault at the surface, labelled as BBAB, CBAB and DBAB.

b, STM topographies showing four different 2 x 2 Cs terminations with the

same size, constructed by atomic manipulation using the STM tip in the same
surface region. The STM topography for configuration IV is low-pass filtered for
clarity (Supplementary Fig. 22). The dashed green triangle marks the position of
configuration linthe figure. The dashed white line highlights the marker atoms.

O I 311
Height (pm)

Scale bar, 5 nm; V.., =900 mV, /,=40 pA. ¢, Zoom-ins of b, showing the Tt-phase
shift among four configurations. The colour bar is adjusted to highlight the phase
shift. The purple dotted circles highlight the marker atom. The black circles mark
the atom position of configuration lin each panel. The yellow arrows show the
phase-shift direction of eachisland respect to the configurationlisland.d, The
d//dVspectra at the centre of the four configurationsin b, respectively, showing
that the incipient in-gap density of states peak P,; in one of the four configurations
islocated at-11.2 mV (red curve), significantly higher than the other three (6.0-
6.8 mV). Theinset shows azoom-in of d//dV spectra, showing that the feature of
emergent 4,; (coloured arrows) for one configuration (red curve) is much weaker
than others. For all d//dV datain this figure, V., = 50 mV, /;=1.5nA, V;,0,q = 0.1mV.
Theerrorbarsincrepresent the energy resolution in STS measurements.

quasi-2D superconductivity, which can be switched on and off by
atomic manipulation of the Cs atoms.

To further substantiate the correlation between emergent 2D
superconductivity and the 3D bulk CDW order (Fig. 1c), we perform
additional STM/STS measurements. An important corollary of this
mechanism (Methods) is that in the absence of 3D bulk CDW order, 2 x 2
Cssurfacereconstruction would be unableto generate the in-gap states
onthesurface and the quasi-2D superconductivity. To test this, we have
grownsingle crystal of CsV, ¢ Tiy sSbs, where long-range CDW order is
suppressed® by the significant hole doping due to the Ti substitution
of V. The spatially averaged d//dV spectra measured on differently
reconstructed Cs surfaces, including 2 x 2 Cs ordered regions and
the Sb-terminated surface, show no significant differences; both the
incipient surface states P, and the superconducting gap 4,, are absent
(Extended Data Fig. 4). The absence of surface superconducting gap

is further supported by the lack of intensity contrast in d//dV maps
within the range of -2 to 5 mV across the boundaries between 2 x 2
and other types of reconstructions (two exemplary maps are shownin
Extended DataFig. 4). We have also studied single crystals of the other
two members of the kagome AV,Sb, family containing different alkali
atoms, KV,Sb;and RbV,Sbs, which also exhibit 3D bulk CDW order. We
haveindeed observed the signatures of density of state peak inside the
CDW gap and quasi-2D superconducting gaponthe 2 x 2 ordered Kand
Rbsurfaceregions (Extended DataFig.5). These observations confirm
the robustness and consistency of our findings.

Conclusions

We unveil quasi-2D superconductivity and PDW on artificially engi-
neered 2 x 2 Cs ordered surfaces of kagome metal AV,Sb;. We further
demonstrate that this quasi-2D superconducting state canbe precisely

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-025-01940-1

controlled at the atomiclevel, allowing us to tune the superconductiv-
ity onand offby manipulating surface Cs atoms to create or eliminate
mi-phase dislocationsin the bulk CDW. Future microscale reconstruction
can potentially be achieved by automated manipulation or chemical
method*®, which will enable other experimental techniques such as
photoemission spectroscopy or transport to probe CDW metals with
artificially controlled CDW phase and their unique physical properties.
Our findings provide insights into the interplay between CDW and
superconductivity and amethod for creation, manipulation and con-
trol of quantum many-body states at antiphase boundaries in kagome
metals and, potentially, in other quantum materials.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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butionsand competinginterests; and statements of dataand code avail-
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Methods

Single crystal growth of pristine Ti-doped CsV,Sb, sample
Single crystals of pristine and Ti-doped CsV,Sbs, KV,Sbs and RbV,Sb,
were grown via a modified self-flux method.

Formation of large-scale 2 x 2 alkali ordered surface

The 2 x 2 Cs ordered surfaces were obtained by cleaving CsV,Sb; and
Ti-doped CsV,Sbsat low temperature. In CsV,Sbs, where the layer kag-
ome V3Sb lattices are sandwiched by two honeycomb Sb2 layers, the
weak bondingbetween Cs layer and neighbouring Sb2 layers resultsin
two types of terminated surfaces, that is, Cs-terminated surfaces and
Sb-terminated surfaces. To obtain fresh and clean surfaces for STM
measurements, the crystal is cleaved in situ in the ultrahigh vacuum
chamber and immediately transferred to the low-temperature STM
chamber. The alkaliatoms have been proven to be easily diffuse over the
surfaces, which results in various alkali surfaces such as full coverage
of alkalisurfaces (1 x 1) (refs.16,26,38) and half Cs (ref. 38),v3 x v3R30°
(short forR3)*>*” reconstruction (Supplementary Fig. 1). After cleaving
at a temperature ranging from 80 to 100 K, we observed anew 2 x 2
Cs reconstruction. We have cleaved more than ten CsV,Sb; crystals,
2 x 2 Cs reconstructions with various sizes are observed in all sam-
ples. Large-area 2 x 2 Cs ordered surfaces are observed in six CsV,Sb,
crystals, which have relatively large crystal size (40 mm x 40 mm)
and bright appearance by eye (sample 1*-6* in Supplementary Fig. 3).
The largest area of 2 x 2 Cs reconstruction is about 150 nm x 150 nm.
In addition, the formation of 2 x 2 reconstruction is not limited to
CsV,Sb;but extended to chemically doped CsV,Sb,crystals (Extended
Data Fig. 4) and the whole AV,Sb; (A =K, Rb or Cs) family by cleaving
atalow temperature ranging from 80 to 100 K (Extended Data Fig. 5).

STM/STS experiments

The samplesusedinthe STM/STS experiments wereimmediately trans-
ferred to an STM chamber and cooled down to 4.2 K after cleaving at
low temperature. Experiments were performedinanultrahigh vacuum
(1x107° mbar) ultralow temperature STM system equipped withan11 T
magnetic field. All the scanning parameters (setpoint voltage and cur-
rent) of the STM topographicimages are listed in the figure captions.
Unless otherwise noted, the STM/STS were obtained at abase tempera-
ture of 0.4 Kand anelectronic temperature of 650 mK, calibrated using
astandard superconductor, Nb crystal. The d//dVspectrawere acquired
by astandard lock-in amplifier at amodulation frequency of 973.1 Hz.
Toreduce noise, the d//dVspectra are softly smoothed via a Gaussian
filter. We apply the Lawler-Fujita drift-correction algorithm*® to the
datain Fig. 3 to align the atomic Bragg peaks onto single pixels with
coordinates that are even integers. Non-superconducting tungsten
tips were fabricated via electrochemical etching and calibrated on a
clean Au(111) surface prepared by repeated cycles of sputtering with
argonions and annealing at 500 °C.

DFT calculations

The electronic structures of CsV,Sbs were determined using the DFT,
as implemented in the Vienna Ab initio Simulation Package®. The
calculations for electron-electron exchange interactions relied on the
generalized gradient approximation, as parameterized by Perdew—
Burke-Ernzerhof*°. We utilized the inverse SD-type CDW structure”
for the bulk phase. We performed slab model calculations for surface
states using slabs that were four-unit-cells thick. Within these models,
the atom positionsin the one-unit-cell thickness subsurface layer were
fully relaxed until the forces acting on them were reduced to 5 meV A™,
The plane wave basis was set with an energy cutoff of 300 eV, and the
Brillouin zone of the slabs was sampled using a 6 x 6 x 1 k-mesh. To
calculate the density of states, we employed the tetrahedron method
with Blochl corrections. The surface band structures and density of
states were derived by projecting the slab band structures and density
of states onto the atoms within the surface unit cell. Spin-orbit coupling

is not considered. By using DFT calculations, we find that the newly
formed 2 x 2 ordered surfaces show distinct electronic properties with
Sbsurface,1x1and other Cs surfaces (Supplementary Fig. 2).

Discussions of4/3a, x 4/3a,PDW in bulk superconducting
stateand 4a, x 4a,PDW in quasi-2D superconducting state
Itisinstructive to compare the 3Q PDW with 4/3a, x 4/3a,and 2a, x 2a,
spatial modulations previously observed**° in CsV,Sbs. Both Q,,, and
Q.54 have been predicted theoretically for possible emergent density
waves based on the near nesting of the Chern Fermi pocketsinthe2 x 2
CDW state on the kagome lattice*’. There are two main differences
between the Q,,, and the Q3,43 Q.. PDW formation. First, the Q,.,
PDW s observed inthe 2 x 2 Cs ordered regions and is born out of the
quasi-2D superconducting state on the surface. The Q3,43 and Q,,,
PDW, on the other hand, is a part of the bulk superconducting state
observed onSb surfaces after pushing the Cs atoms away using the STM
tip.Second, the Q,., PDW exists outside the bulk superconducting gap
and hovers over the entire energy range of the spectral buildup caused
by the quasi-2D superconducting coherence (Fig. 3e), whereas the
Q,3.4s PDW exists over alarge energy region defined by a pseudogap
much larger than the bulk superconducting gap”. While the mechanism
for the difference between the bulk*? and surface PDW is currently lack-
ing, we note that these two PDW wave vectors, Q3.3 and Q,.,, are the
same up to the reciprocal lattice wave vectors (Qy. = Qgragg — Qu/34/3)-
In addition, we stress that the new 3Q PDW with 4 x 4 modulations in
Csreconstruction below T ,, of 5.4 K (Supplementary Fig. 15) is unre-
lated to the unidirectional (1Q) 4a, charge stripe order, which is only
observed onthebare Sb-terminated surfaces (Supplementary Fig.16)
over alarge energy range below ~60 K (refs.16,20).

Discussions of the mechanism for the emergent quasi-2D
superconducting state

The2 x 2Csorderbehaves as an out-of-phase surface termination of the
2 x 2 x2bulk CDW, creating a narrow band of surface states inside the
bulk CDW gap. The significantly enhanced density of states close to the
Fermilevel enabled the first observation of astronger superconductiv-
ity inthe 2D limit of a kagome plane with the observed striking proper-
ties. Although the as-cleaved 2 x 2 Cs surface reconstruction enabled
our discovery and the atomic engineering of the Cs atoms allowed us
to probe the mechanism, the underlying physics we revealed is much
more general, and its realizations are not limited to Cs surface recon-
struction. Forexample, emergent electronic states can be created and
manipulated usinga2 x 2 superlattice potential and extended beyond
the Cssurfaces. The i-phase dislocations can also occurinlayered CDW
statein the bulk at the stacking faults along the c axis and influence the
physical properties. Moreover, given the theoretical predictions for the
bulk CDW state to be topological, eitherin the presence of time-reversal
symmetry>", or when time-reversal symmetry is broken*, it is conceiv-
ablethat the surface states of the bulk CDW order and the emergent 2D
superconductivity have intricate topological properties responsible
for the observed unconventional vortex core spectrum.

Spatial inhomogeneity of quasi-2D superconductivity

STM/STS measurements across the sample surface show that not all
the 2 x 2 Cs ordered regions exhibit an incipient band of bound states
withthe P,y close to the £:and a pronounced superconducting gap 4,,,.
Theemergence of 4,y is sensitive tothe size of 2 x 2 Cs ordered region.
Insmall-sized areas, 4,y isundetectable. Inaddition, eveninlarge-sized
surfacearea, 4,,is occasionally much weaker thanin other areas (Sup-
plementary Fig.17).

Four configurations of 2 x 2 Cs reconstruction

Ifsolely considering the top unit cell of CsV,Sbs, the 2 x 2 configuration
DFT calculations demonstrate that the Csatoms in the top Cs surface
play a significant role in the 2 x 2 CDW of underlying kagome layer
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of first unit cell. The 2 x 2 CDW in the kagome V lattice of top layer is
locked by the configurations of 2 x 2 reconstruction. If the Cs in the
2 x 2 reconstruction, at the initial state, is not corresponding to the
central hexagonal site of the ISD pattern in the underlying kagome
layer, the ISD pattern will eventually shift to fit 2 x 2 reconstructionin
the upper Cslayer after surface relaxation while the stacking of CDWs
among other underlying kagome layers remain unchanged (Extended
Data Fig. 2). Therefore, the 2 x 2 Cs reconstruction, which is strongly
locked withthe 2 x 2 CDW in the first kagome layer of CsV,Sb,, modify
the phase termination of bulk 2 x 2 x 2 CDW* at the surface, resulting
infour configurations of 2 x 2 surface reconstructions (Fig. 5b).

Construction of 2 x 2 Cs ordered triangular nanoislands

The2 x 2 Csordered triangular nanoislands at the Sb surface of CsV,Sb;
were constructed by STM manipulation technique, as illustrated by
the cartoon in Fig. 4a (created using the software package Blender™).
Atypical manipulation parameteris V,,,=5mV, [, =300 pA.

We place the probe tip sufficiently far from the sample whenimag-
ing so that the interaction between sample and tip does not initiate
atomic movement. To move a Cs atom, we let the tip closer to the Cs
atom by adjusting the tunnelling junction resistance. The resistance
is set by ratio of the tunnelling voltage Vto the tunnelling current /. A
sufficiently smallresistance resultsin the strongtip-sample interaction.
Such interaction creates a highly localized potential®® well that traps
the Cs adatom under the tip.

We did the manipulation as the following steps:

(1) Move the tip onto the top of a target Cs atom in the Sb surface
region with dilute Cs adatoms.

(2) Trap the Cs atom by decreasing resistance.

(3) Move the tip laterally while maintaining / constant; The
current/z evolution is traced to confirm the movement of the
target Cs atom (Supplementary Fig. 24).

(4) Release the adatom at the destination by reverting to the value
of resistance used in normal imaging.

The formation of the Cs 2 x 2 ordered nanoisland is achieved by
step-by-step manipulation of Cs adatoms toward the designed spa-
tial 2 x 2 positions respective to the lattice of Sb surface by using the
method above (Supplementary Fig.25 and Supplementary Video). We
keep the shape of islands as equilateral triangles to rule out the shape
effect. Through step-by-step manipulation, the Cs reconstruction
with artificial designed triangular shape was constructed. For the four
structural configurations of the 2 x 2 reconstruction with exact same
size (N =25triangle) in Fig. 5b, we firstly constructed one configuration
at a Sb surface region with diluted Cs adatoms by the STM manipula-
tion technique as described above. Subsequently, we moved each Cs
atominthe as-constructed triangular nanoisland by a distance of one
lattice constant (a,) along one of the three equivalent lattice directions
(m-phase shift). Asaresult, the new configuration with exact same size
isconstructed at the same surface region (Supplementary Fig. 23).

Data availability

The data that support the plots within this paper are available via Fig-
shareathttps://doi.org/10.6084/m9.figshare.28723703 (ref. 53). Other
data and information are available from the corresponding authors
uponreasonable request.
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Extended Data Fig. 1| Statistical analysis and real-space distribution of at2mV (c),5mV (d),and 0 mV (e), showing that the electronic states with 4,
emergent energy gap 4,, onthe 2x2 ordered Cs surfaces. a, Histograms and P,, only distribute on 2x2 ordered regions. Yellow dashed curves represent
of Ay, and 4,p, fitted by normal distributions, showing the averag values of the boundary of the two regions. For all d//dV data, V,.,,.=100 mV, /,=3 nA,
A,p=1.70 meV, 4,,,, = 0.56 meV. b-e, STM topography of aboundary region Vimoa = 0.1mV.

consisting of both 2x2 and v3xv3R30°reconstructions (b) and three d//dVmaps
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Extended Data Fig. 2 | Calculated stacking fault of CDW phases in CsV,Sb, David pattern of 2x2 CDW in the top kagome layer will shift, following the 2x2
crystal with2x2 Cs ordered surfaces before and after relaxation. Calculated Cs atomsites while the inverse star of David pattern of 2x2 CDW in the second
stacking fault of CDW phases in CsV,Sb; crystal with 2x2 Cs ordered surfaces kagome layer remains unchanged.

before (a) and after (b) surface relaxation, showing that the inverse star of
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Extended DataFig. 3| Localized nature of P,,,. a, STM topography of a typical Vimoa = 0.5 mV. ¢, The d//dVspectra obtained on (red) and off (yellow) a vacancy
2x2 Csreconstruction. b, Waterfall (left) and intensity plot (right) of adl/dV inthe 2x2 Cs triangle (inset STM topography), respectively, showing that P, is
linecut along the dots and red arrow in (a), showing that the resonance peak P, significantly suppressed at the vacancy site while the 4,, show little changes.
islocalized at each Cs atom of 2x2 Cs ordered surfaces. V., =100 mV, /,;=1nA, Viee=50mV, [, =1.5nA, V,,4=0.15mV.
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Extended DataFig. 4 | Absence of quasi-2D superconductivity at the 2x2 additional energy gap atlow energies for the 2x2 ordered Cs surface. b, STM
ordered Cs surface in CsV, 4 Ti, ;sSb;. a, Spatially-averaged d//dVspectra over topography, d//dV (r,-2mV) and d//dV (r, 5 mV) of aboundary region between 2x2
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that only the bulk superconducting gap is observed on all surfaces. There is no states between two surfaces (V,,, =100 mV, /=3 nA, V,,,4=0.1mV).
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Extended Data Fig. 5| Emergent low-energy gap and incipient bound state on
the 2x2 alkali ordered surface of AV,Sb; (4 = Rb, K).a, The STM topography
showing the 2x2 Rb ordered surface region of RbV,Sbs. V., = 900 mV, /, = 50 pA.
b, Spatially-averaged d//dVspectra obtained at the 2x2 Rb ordered surface
region of RbV,Sbs, showing the emergence of a new quasi-2D superconducting
gap 4,, withasize of -1.4 meV and a pronounce peak at-2.8 mV (P,p).
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¢, The STM topography showing the 2x2 K ordered surface region of KV,Sbs.
Viee=900 mV, /=50 pA.d, Spatially-averaged d//dV spectra obtained at the 2x2 K
ordered surface region of KV,Sbs, showing the emergence of anew quasi-2D
superconducting gap 4,, with asize of -0.8 meV and a pronounced peak at
-4.7mV (P,p). The spectrum is normalized with respect to the average value. For
alldi/dvdata, V., =100 mV, /,=3 nA, V,,q= 0.1mV.
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